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A Design II mating design was used to produce half-sib 
and full-sib progenies in three cross populations: BSSSCO x 
BSCBICO, BSSS(R)C9 X BSCB1(R)C9, and BS13(S)C3 x BSCB1(R)C9. 
Progenies were evaluated in a replications-within-sets with 
two replications at five locations. Data were collected for 
grain yield, grain moisture, root and stalk lodging, dropped 
ears, plant and ear height, days to anthesis and silking, and 
tassel branch number. The objectives were to compare the 
relative performance among single crosses from selected and 
unselected cross populations and to estimate genetic 
parameters in the hybrid populations. 
Reciprocal recurrent selection (RRS) resulted in a 
significant increase in grain yield for the cross population. 
RRS was more effective than the combined progress of the half-
sib (HT) and self (S) methods to increase yield in the 
population cross and to reduce root and stalk lodging, ear 
height, days to anthesis and silking, and tassel branches. 
The additive variance component was the most important 
component of genetic variability for all traits. For grain 
yield, the additive variance components increased with 
selection; however, the original population cross showed 
greater additive by environment interaction variance than the 
improved populations. RRS for grain yield resulted in an 
V 
increase of the additive variance component for plant and ear 
height and a decrease for root and stalk lodging. All traits 
except yield exhibited a decrease in estimates of the 
dominance variance component after recurrent selection. The 
BSSS additive contribution to the total interpopulation 
additive variance for grain yield became more important with 
selection. 
Recurrent selection resulted in an increase of grain 
yield heritability. Grain yield had positive genotypic and 
additive correlations with grain moisture, plant height, and 
ear height and negative correlations with stalk lodging. In 
general, correlations among traits were not affected by 
selection for yield. 
The observed genetic gain was greater for BSSS(R)C9 x 
BSCB1(R)C9 than for BS13(S)C3 x BSCB1(R)C9. The expected 
genetic gain for future cycles of selection was greater for 
BS13{S) X BSCBl(R) than for BSSS(R) x BSCBl(R). The BSSS 
contribution to the total genetic gain increased with 
selection. 
The results of this study show that RRS is an effective 
method for improving the population cross for yield without 
decreasing its genetic variability. 
INTRODUCTION 
The objective of maize breeding programs is to identify 
superior genotypes. Shull (1909) proposed the pure-line method 
of breeding where inbred lines were developed by selfing 
individual plants from one population and evaluating all 
possible crosses between lines to find the best hybrid. 
Pedigree selection has been the more popular method to 
develop parental lines of hybrids from breeding populations. 
However, this method has reduced the genetic variability 
available because selection is restricted to the alleles 
present in the few elite lines used as parents. Recurrent 
selection methods were developed to remove some of the 
limitations of pedigree selection. Recurrent selection will 
result in a gradual increase of favorable allele frequencies 
and the maintenance of genetic variability by intermating 
selected individuals to generate new allele combinations. 
Comstock et al. (1949) proposed reciprocal recurrent 
selection (RRS) as a breeding procedure to improve the 
population cross of two genetically broad-base populations. 
The simultaneous selection of these two populations is 
complementary and uses a combination of both general and 
specific combining ability. RRS was initiated in Iowa in 1949 
by Dr. G.F. Sprague with two populations, 'Iowa Stiff Stalk 
Synthetic' (BSSS) and 'Iowa Corn Borer Synthetic No.l' 
(BSCBl). This program has had several modifications since its 
inception. The change from hand harvesting to machine 
harvesting in cycle five increased the genetic variability 
because variation in stalk lodging and ear retention would 
affect machine-harvestable grain yield (Helms et al. 1989a). 
Also, one generation of selfing and selection before 
developing testcrosses could alter the genetic composition of 
the population. 
Characterization of the genetic variability present in a 
population cross is important for the evaluation of the 
effectiveness and progress expected from selection. Selection 
and genetic drift can change allele frequencies and genetic 
variances in the parental populations and the population 
cross. Because RRS is conducted in a cyclical manner it is of 
interest to reevaluate the population parameters after a few 
cycles of selection. Most of the studies have been directed to 
the parental populations. In this investigation an attempt was 
made to characterize the genetic variability present in the 
cross population before and after selection. 
The objectives were: (1) to compare the relative mean 
performance among the selected and unselected cross 
populations; (2) to estimate interpopulation genetic variance 
components and their change with selection; (3) to calculate 
the expected genetic gain and to compare it with the observed 
gain for the population cross; and (4) to estimate 




Shull (1909) proposed the inbred-hybrid concept to 
develop inbred lines that are used to produce single-cross 
hybrids. Open-pollinated cultivars, elite-line F2 populations, 
and backcross populations were the main germplasm sources used 
to derive inbred lines. There was concern that genetic 
variability was becoming limited, and recurrent selection 
programs were developed to provide additional germplasm 
sources for pedigree selection and to increase the genetic 
base of breeding programs (Hallauer 1992). Basically, 
recurrent selection is a systematic procedure for selection of 
superior genotypes from a population followed by recombination 
of selected individuals to form a new improved population for 
further selection. 
Recurrent selection methods are conducted recurrently in 
successive cycles of selection and were developed to gradually 
improve quantitatively inherited traits by increasing the 
frequency of favorable alleles in the population while 
maintaining genetic variability to continue selection in 
future cycles. The intermating of individuals with a higher 
frequency of favorable alleles can increase their frequency in 
the population and, hence, increase the probability to develop 
improved genotypes from that population. Recurrent selection 
programs are usually planned on a long-term basis and are 
applied to genetically broad-base populations, such as 
synthetic varieties, open-pollinated varieties, and 
composites. The resulting improved populations can be used as 
populations per se, as parents for synthetic varieties or 
population crosses, and as source populations to develop 
inbred lines for hybrids. 
Hallauer (1992) differentiates three phases in recurrent 
selection methods: 
(1) Sampling of individuals from the population to develop 
progenies for evaluation. The sample should be 
representative of the genetic variability available. 
(2) Evaluation of families in replicated trials in several 
environments to separate the genetic and environment 
effects and to determine the relative breeding values 
of the progenies. 
(3) Intermating the superior families to form a population 
for the next cycle of selection. This phase is 
important to maintain genetic variability. 
There are different types of recurrent selection 
procedures because of the type of selection unit (individuals, 
half-sib families, full-sib families, or inbred progenies), 
the way progenies are created, the tester that is used 
(homozygous vs heterozygous, homogeneous vs heterogeneous), 
the number of seasons per cycle, and the manner selected 
individuals are intermated (diallel, bulk entry). Sprague 
(1967) classified recurrent selection methods in two 
categories: phenotypic recurrent selection where the phenotype 
of an individual plant is the basis for selection and 
genotypic recurrent selection that requires progeny testing to 
estimate the breeding values of individuals in the population. 
Furthermore, genotypic recurrent selection methods can be 
divided into selection for general combining ability (GCA), 
specific combining ability (SCA), or combination of both. 
Sprague and Tatum (1942) defined GCA as the average 
performance of a line in hybrid combinations and SCA as the 
deviation of specific hybrids that perform better or worse 
than the average of the lines in hybrids. GCA is due to 
additive genetic effects and SCA is due to nonadditive genetic 
effects. Jenkins (1940) described recurrent selection for GCA 
based on evaluation of half-sib progenies obtained from 
crosses with a heterozygous tester. Jenkins believed that the 
more important type of genetic effects responsible for the 
expression of heterosis in maize (Zea mays L.) grain yield was 
partial to complete dominance. Hull (1945) believed that the 
main cause of heterosis was overdominance effects and proposed 
recurrent selection for SCA that used a homozygous tester to 
create the progenies. Comstock et al. (1949) suggested 
reciprocal recurrent selection as a breeding procedure that 
would exploit both GCA and SCA effects and would be as 
effective as previous methods that emphasized selection for 
either additive (Jenkins, 1940) or nonadditive genetic effects 
(Hull, 1945). The method used two populations (A and B), such 
as varieties, synthetics, or F2 populations and was described 
as follows: 
(1) Cross about 200 plants from source population A to 
four or five random plants from source population B. 
Likewise, cross about 2 00 plants from source 
population B to four or five random plants from source 
population A. Self all plants used as pollen parents. 
(2) Evaluate the two sets of progenies in separate field 
trials and select the best on basis of testcross 
performance. 
(3) Intermate selfed seed of selected parents per each 
population to form the new two populations. 
(4) Repeat the same procedure with the improved synthesized 
populations. 
Hallauer and Miranda (1988) divided recurrent selection 
methods as intrapopulation recurrent selection and 
interpopulation recurrent selection, according to the target 
population. Intrapopulation recurrent selection is conducted 
within one population and the response is measured in the 
population itself. Interpopulation recurrent selection 
involves two populations and the direct response is measured 
in the population cross. The choice between interpopulation 
and intrapopulation procedures depends on the trait under 
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selection and the kinds of gene effects considered relevant in 
the expression of the trait. Intrapopulation selection 
emphasizes additive genetic effects and interpopulation 
selection emphasizes both additive and nonadditive genetic 
effects (Hallauer 1992) . 
Reciprocal recurrent selection in BSSS and BSCBl 
After Comstock et al. (1949) proposed reciprocal 
recurrent selection (RRS), a RRS program was initiated by G.F. 
Sprague with two synthetic populations, BSSS ("Iowa Stiff 
Stalk Synthetic") and BSCBl ("Iowa Corn Borer Synthetic No. 
1"). Since 1949, several studies have been conducted to 
evaluate the effects of selection on the parental populations 
and on the cross population. 
Penny (1964) included the original and the population 
crosses (BSSSCO x BSCBICO, BSSS(R)C1 X BSCB1(R)C1, BSSS(R)C2 X 
BSCBl(R)C2, BSSS(R)C3 x BSCBl(R)C3 and BSSS(R)C4 x BSCBl(R)C4) 
of the first four cycles of selection in the 1964 yield 
trials. Yield increase averaged 2% per cycle (61.19 q/ha for 
BSSSCO X BSCBICO to 66.31 q/ha for BSSS(R)C4 x BSCBl(R)C4) and 
the BSSS(R)C4 x BSCBl(R)C4 population cross yield (66.31 q/ha) 
was similar to the mean yield of four adapted double crosses 
(66.75 q/ha). Stalk lodging decreased from 12% for BSSSCO x 
BSCBICO to 9.3% for BSSS(R)C4 X BSCBl(R)C4, and grain moisture 
decreased from 21.2% for BSSSCO x BSCBICO to 20.8% for 
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BSSS(R)C4 X BSCB1(R)C4. 
Hallauer (1970) studied the genetic variation present in 
the original populations (BSSSCO and BSCBICO), the syn-3 
generation of the cycle 4 populations (BSSS(R)C4 and 
BSCB1(R)C4) and the syn-3 generation of the population crosses 
between the original populations ([BSSSCO x BSCBICO]syn-3) and 
between the cycle 4 populations ([BSSS(R)C4 x BSCBl(R)C4]syn-
3). The average yield for BSCBl decreased slightly and 
increased for BSSS and the hybrid population, although modest 
gains for yield were made in the population crosses. The 
estimates of genetic variance components for the hybrid 
population indicated that variability was reduced, with 
significant reduction in additive variance (ct\= 216±47 for 
BSSSCO X BSCBICO to a\= 96±29 for BSSS(R)C4 x BSCBl(R)C4) and 
decrease in dominance variance (a^D= 120±48 for BSSSCO x 
BSCBICO to a^o= 69±42 for BSSS(R)C4 x BSCBl(R)C4). The author 
concluded that the same favorable alleles, rather that alleles 
which complemented each other, were selected in both parental 
populations, and that was expressed in reduced variation in 
the hybrid population. 
Penny and Eberhart (1971) summarized the results and 
procedures of the first five cycles of reciprocal recurrent 
selection in BSSS and BSCBl. Yield increased from 66.8 q/ha 
for BSSSCO X BSCBICO variety cross to 71.5 q/ha for BSSS(R)C4 
X BSCBl(R)C4 variety cross. The observed gain for the 
population cross (1.7% per cycle) was considerably less than 
the expected gain (7.2% per cycle). They concluded that 
results of the first five cycles of selection were 
disappointing because the rate of yield improvement was less 
than predicted, and that most of the lines selected for 
recombination in each cycle had little commercial value 
because of deficiencies in agronomic traits. Penny and 
Eberhart (1971) outlined several changes that were made after 
cycle five in order to improve the selection process. 
Selection among and within S, lines replaced selection among SQ 
plants. This change allowed them to select for improved vigor, 
insect and disease resistant, and other agronomic characters 
and to increase the genetic variation among testcross entries. 
Also, the grain yield trait was changed from hand-harvested 
yield to machine-harvested yield. 
Eberhart et al. (1973) evaluated the changes in several 
agronomic traits after five cycles of reciprocal recurrent 
selection in BSSS and BSCBl, and after seven cycles of half-
sib recurrent selection in BSSS. Linear response per cycle of 
selection for the population cross (BSSS(R)C„ x BSCBl(R)C„) was 
2.73 q/ha (4.6%) for yield, -0.75% for stalk lodging, and 1.03 
cm for plant height. No significant changes were detected in 
days to silk and grain moisture at harvest. The accumulated 
estimated gain for yield after five cycles was 13.6 q/ha which 
was greater that the gain reported by Penny and Eberhart 
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(1971) because of possible sampling errors and of genotype by 
environment interaction. Improvement of the synthetics per se 
and their crosses with the original non-improved population 
suggested that frequencies of favorable alleles decreased at 
some loci due to inbreeding (small effective population size), 
selection, and overdominance at the loci where the original 
population had higher allele frequencies. No improvement in 
the parental populations, BSCBl(R) and BSSS(R), and either in 
their crosses with a genetically broad-based tester, Iowa 
Synthetic BE (BSBB), was explained by allele frequency changes 
at loci involving overdominance and pseudo-overdominance. In 
contrast, half-sib recurrent selection (BSSS(HT)) improved the 
population per se and its crosses; the estimated gain per 
cycle for yield in BSSS(HT)C„ x BSCB1(R)C„ was 2.31 q/ha 
(3.9%). The response to selection was explained as a change in 
allele frequencies at loci with partial to complete dominance. 
Yields of the RRS population crosses after five cycles (23%) 
and of the BSSS(HT)C7 x BSCB1(R)C5 population cross (25%) were 
nearly equal to the yield of the elite single-cross and 
double-cross hybrids. Stalk lodging was reduced in nearly all 
improved strains and their crosses. 
Russell and Eberhart (1975) compared the performance of 
the best Sn line (S2, S3, or S4) crosses from BSCB1(R)C5, 
BSSS(R)C5, and BSSS(HT)C6 over the population crosses. The 
average yield of the population crosses was essentially equal; 
65.5 q/ha for BSCB1(R)C5 x BSSS(R)C5, 66.5 q/ha for BSCB1(R)C5 
X BSSS(HT)C6, and 66.9 q/ha for BSSS(R)C5 x BSSS(HT)C6. 
Surprisingly, BSSS(R)C5 x BSSS(HT)C6 yield was as high as the 
population crosses involving BSCB1(R)C5. No evidence for 
overdominant gene effects was found, and selection emphasized 
primarily general combining ability effects. The average yield 
of line crosses was significantly greater than the population 
cross; 78.7 q/ha for BSCB1(R)C5 x BSSS(R)C5 line crosses, 71.8 
q/ha for BSCB1(R)C5 x BSSS(HT)C6 line crosses, and 71.0 for 
q/ha BSSS(R)C5 x BSSS(HT)C6 line crosses. Two BSCB1(R)C5 x 
BSSS(R)C5 line crosses yielded more than the best single-cross 
check, and the best line cross for BSCB1(R)C5 x BSSS(R)C5 and 
BSCB1(R)C5 x BSSS(HT)C6 line crosses sets yielded 35% more 
than the population cross. It was shown that RRS improved 
populations could produce lines that formed superior hybrids. 
They concluded that nonadditive gene effects, other than 
complete dominance, were relatively unimportant. Russell and 
Eberhart (197 5) proposed that if additive gene effects have 
the most important role in selection, a modification of the 
conventional reciprocal recurrent selection system by using an 
inbred tester could have greater potential for maize 
improvement. 
Hallauer and Malithano (1976) supported the effectiveness 
of recurrent selection for population improvement when they 
evaluated the crosses of 10-variety diallel, with BSSS(R)C6 
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and BSSS(HT)C7 among them. BSSS(R)C6 and BSSS(HT)C7 showed a 
11.4% and 16.1% improvement respectively, over BSSSCO. The 
average cross performances of yield for BSSS(R)C6 and 
BSSS(HT)C7 varieties were 21.5 and 22% greater, respectively, 
than the variety crosses of BSSSCO and 500 to 1500 Kg/ha 
greater than for any of the other diallel varieties. Recurrent 
selection also improved stalk lodging resistance for the 
BSSS(R)C6 and BSSS(HT)C7 populations and their crosses. 
Smith (1979) used data from the study conducted by 
Eberhart et al (1973) to apply a model for evaluating progress 
from recurrent selection. The model was a modification of the 
Hammond and Gardner (1974) model to account for the effects of 
inbreeding depression. After correction for inbreeding 
depression effects, the indirect response per cycle for the 
populations per se (BSSS(R) and BSCBl(R)) was larger than that 
reported in previous studies. Reciprocal recurrent selection, 
therefore, was considered effective for increasing the 
frequency of favorable alleles in the parental populations. 
BSSS(R) population showed greater change in allele frequency 
and greater inbreeding depression than BSSS(HT), even though 
the number of lines intermated was the same in both 
populations. Both populations, BSSS(R) and BSCBl(R), made 
approximately equal contributions to the improvement of the 
hybrid population. The amount of inbreeding depression was 
highly significant; therefore, Smith (1979) suggested that the 
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effective population size should be increased to reduce 
additional allelic frequency drift. 
Martin and Hallauer (1980) estimated the effectiveness of 
reciprocal recurrent selection for grain yield improvement 
after seven cycles by evaluating the cycles C0,C1,C3,C5 and C7 
of BSSS(R) and BSCBl(R), and the CO x CO, C5 x C5, C7 x 0.1 
population crosses. The population cross showed an increase in 
yield of 1.75 q/ha (3.0%) per cycle. The average yield was 
58.5 q/ha for BSSSCO x BSCBICO and 70.7 q/ha for BSSS(R)C7 x 
BSCB1(R)C7. Yield for the parental populations did not change 
significantly. Midparent heterosis increased from 14.9% for 
BSSSCO x BSCBICO to 41.7% for BSSS(R)C7 x BSCB1(R)C7. Days to 
silking decreased 0.24 days/cycle, plant height increased 1.10 
cm/cycle, and ear height decreased 0.30 cm/cycle. Estimates of 
genetic variance components for the parental populations 
indicated that genotypic variance did not decrease with 
selection. The increase in genetic variablity after cycle 4 
was related with the changes made in the reciprocal recurrent 
selection procedure; change from hand harvesting to machine 
harvesting and one generation of selfing and selection before 
producing testcrosses. They conducted a computer simulation of 
10 cycles of reciprocal recurrent selection to estimate the 
initial allele frequency and level of dominance for yield. The 
starting conditions were three levels of dominance (1.00, 0.75 
and 0.00) and two initial allele frequencies (0.50 and 0.25). 
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Complete dominance (1.00) with equal initial allele 
frequencies for both parental population (0.50) had the 
greatest correlation with observed responses. Genotypic 
variances decreased with selection for parental and cross 
populations for all starting conditions. Predicted genetic 
advance showed that both parental populations made about equal 
contributions to the population cross (3.6 q/ha/cycle for BSSS 
vs 4.6 q/ha/cycle for BSCBl). 
Stangland et al. (1982) compared the original maize 
populations BSSS, BSCBl, and BS6 with the selected populations 
BS13(S)C1, BSSS(R)C7, BSCBl(R)C7, and BS6(RS)C2, and the 
crosses among the original populations with crosses among the 
selected populations. Grain yield improved in all population 
crosses (55.8 q/ha for BSSSCO x BSCBICO vs 84.1 q/ha for 
BSSS(R)C7 X BSCBl(R)C7 and 85.1 q/ha for BS13(S)C1 X 
BSCBl(R)C7). Midparent heterosis and average yield were 
similar for BSSS(R)C7 x BSCBl(R)C7 and BS13(S)C1 x BSCBl(R)C7. 
The authors concluded that separate recurrent selection 
procedures for the same original population (BSSS) were 
equally effective in accumulating either favorable partially 
dominant alleles or dominant alleles in BSSS(R)C7 and 
BS13(S)C1. 
Smith and Guy (1982) evaluated S, x S, full-sib families 
for BSSS(R)C9 and BSCBl(R)C9. By using full-sib families 
instead of half-sib families they expected to increase the 
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variance among families. However, the genetic variance for 
yield (q/ha) remained low = 17.2) and none of the families 
yielded greater than the single-cross checks. They concluded 
that relatively low genetic variance among families could make 
additional progress difficult. 
Smith (1983) divided the response to selection for RRS 
for BSSS and BSCBl into cycles CO to C4 and C4 to C8. Average 
response for yield in the population cross increased 1.15 
q/ha/cycle (46.2%), from 2.47 ± 0.33 q/ha/cycle (cycles CO to 
C4) to 3.61 ± 0.45 q/ha/cycle (cycles C4 to C8). The direct 
response averaged over all cycles was 4.3% per cycle. Smith 
(1983) suggested that machine-harvesting of the yield trials 
and the use of Si lines to produce the testcrosses had 
increased response to selection for yield. Estimated realized 
response for yield (24.3 q/ha) however, was 47% of the 
expected response (52.3 q/ha). Drift effects due to small 
population sizes were important and may be the cause for the 
lack of response in the parental populations per se. The gain 
for grain yield in the cross BS13(HT) x BSCBl(R) was 2.29 ± 
0.20 q/ha/cycle and was similar for the two intervals. 
Smith and Guy (1983) made reciprocal crosses between 
random Sj lines derived from the improved populations, 
BSSS(R)C9 and BSCBl(R)C9, as well as from BSSSCO and 
BSCBl(R)CO. The average yield for C9 x C9 crosses was 23.5 
q/ha greater than the average yield for CO x CO crosses, which 
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means a rate of 2.6 q/ha/cycle (6.9%). Genetic variance 
decreased from 56.5 for CO x CO crosses to 31.8 for C9 x C9 
crosses, and their interactions with environment increased 
from 8.6 (CO X CO) to 20.1 (C9 X C9). 
Hallauer et al. (1983) summarized data for studies 
involving BSSS(R) and BSCBl(R). Direct response for yield in 
the population cross ranged from 7.0% (Penny and Eberhart 
1971) to 36.9% (Stangland et al. 1983). The gain per cycle of 
selection ranged from 1.0% to 6.3% with an average of 3.6%. 
Indirect response was variable and generally less than the 
direct response. BSSS(R) showed a positive response (11.7% or 
1.8% per cycle) whereas BSCBl showed a negative response 
(-8.6% or -1.2% per cycle). 
Smith (1984) studied the effects of reciprocal recurrent 
selection in BSSS(R), BSCBl(R), and BS6 populations. Variance 
component estimates did not show any consistent trends over 
cycles for any of the populations per se. The rate of yield 
increase for the BSSS(R) x BSCBl(R) cross was 1.6 q/ha/cycle 
(86 q/ha for BSSS(R)C5 x BSCBl(R)C5 vs 90.8 q/ha for BSSS(R)C8 
x BSCB1(R)C8). Stalk lodging decreased 2.3% per cycle (13.1% 
for BSSS(R)C5 x BSCBl(R)C5 vs 6.1% for BSSS(R)C8 x 
BSCBl(R)C8). Drift effects for grain yield were significant 
for BSCBl(R). 
Helms et al. (1989a) estimated the genetic variability in 
nonimproved (BSSSCO) and improved (BSSS(R)C5, BSSS(R)C9, 
BSSS{HT)C7, and BS13(S)C3) BSSS maize populations. Genetic 
variance for yield (Mg/ha) decreased in BSSS(R) (0.41 for 
BSSSCO vs 0.15 for BSSS(R)C9) and was maintained in BS13(S)C3 
(0.44). Average grain yield increased 62% after nine cycles of 
reciprocal recurrent selection (2.12 Mg/ha for BSSSCO vs 3.42 
Mg/ha for BSSS(R)C9) and 81% after ten cycles (7 of half-sib 
and 3 of Sj) of intrapopulation recurrent selection (3.84 Mg/ha 
for BS13(S)C3). They suggested that the RRS program may have 
selected different alleles than the combined HT-S, program. 
Helms et al. (1989b) reported the cross improvement 
estimates for grain yield when BSSSCO improved populations 
(BSSS(R), BSSS(HT), and BS13(S)C3) were evaluated in crosses 
to BSCBl(R) (reciprocal tester for BSSS(R)). The rate of 
improvement was 0.217 Mg/ha/cycle for the BSSS(R)C„ x 
BSCB1(R)C„ crosses, 0.254 for the BSSS(HT)C„ x BSCBl(R)C„ 
crosses, and 0.140 Mg/ha/cycle for the BS13(S)C„ x BSCB1(R)C„ 
crosses. The response to reciprocal recurrent selection in 
improving the population cross mean was similar to the 
population improved by either HT or S methods of selection. 
Keeratinijakal and Lamkey (1993a) evaluated the direct 
response in the population cross and indirect response in the 
parental populations after 11 cycles of RRS in BSSS and BSCBl. 
Response in grain yield was 0.28 Mg/ha/cycle (6.95%) for 
BSSS(R) x BSCBl(R), 0.06 Mg/ha/cycle (1.94%) for BSCBl(R), and 
not significant for BSSS(R). Midparent heterosis for grain 
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yield in the cross population increased 0.22 Mg/ha/cycle 
which, expressed as a percentage of inidparent, increased from 
25.44 for CO to 76.04% for Cll. Inbreeding depression in the 
interpopulation cross increased 0.15 Mg/ha/cycle (1.01 Mg/ha 
for CO vs 2.31 Mg/ha for C9). They explained the increase in 
heterosis and inbreeding as due to divergence in the frequency 
of favorable alleles between the parental populations. 
Keeratinijakal and Lamkey (1993b) studied the genetic 
effects associated with reciprocal recurrent selection in BSSS 
and BSCBl maize populations. The response to selection was 
partitioned into that due to additive and dominance genetic 
effects. The rate of improvement for yield in the 
interpopulation cross was 0.28 ± 0.04 Mg/ha/cycle and was 
primarily due to dominance effects. Improvement in BSSS(R) was 
due to both additive and dominance effects and in BSCBl(R) to 
dominance effects. They concluded that selection occurred at 
complementary loci in BSSS(R) and BSCBl(R) with alleles in the 
partial to complete dominance and genetic drift limited the 
observed response in those populations. 
Schnicker and Lamkey (1993) estimated interpopulation 
genetic variance for BSSS(R) x BSCBl(R) after 11 cycles of 
reciprocal recurrent selection. Yield increased 0.25 Mg/ha per 
cycle (6.46%), root lodging decreased 0.23% per cycle, stalk 
lodging decreased 1.64% per cycle, grain moisture increased 
0.85 g/Kg per cycle, and number of days to silking date 
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decreased 0.21 days per cycle. Genetic variance for grain 
yield decreased with cycles of selection although the 
difference was not significant (0.34 for BSSSCO x BSCBICO vs 
0.23 for BSSS(R)C11 X BSCBl(R)Cll). Genetic variance for root 
lodging, stalk lodging, and silking date decreased 
significantly with selection. 
Other reciprocal recurrent selection programs 
Douglas et al. (1961) evaluated three cycles of 
reciprocal recurrent selection for grain yield in two 
varieties of maize, 'Yellow Surcropper' and 'Ferguson's Yellow 
Dent'. Average response per cycle was 5.8% for the population 
cross, 10% for the Ferguson's Yellow Dent population, and 1.8% 
for the Yellow Surcropper population. Variation increased in 
the Ferguson's Yellow Dent population and remained unchanged 
in the Yellow Surcropper population. 
Gevers et al. (1975) compared three cycles of reciprocal 
recurrent selection in the populations 'Teko Yellow' and 
'Natal Yellow Horsetooth' under two systems of parent 
selection: (1) random SQ plants were used to make the cross and 
(2) SQ plants were selected for agronomic traits before 
crossing. The gain per cycle for yield in the population cross 
was 5.8% with random S^ plants and 3.3% with selected S^ 
plants. 
Conti et al. (1977) analyzed the response after two 
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cycles of reciprocal recurrent selection in two Italian maize 
populations. The response for yield in the variety cross was 
7.8% per cycle and it was attributed to an increase in 
prolificacy (number of ear per plant). 
Paterniani and Vencovsky (1977) proposed a modification 
of reciprocal recurrent selection based on testcrosses of 
half-sib families. After one cycle of selection, the increase 
for the 'Cateto' by 'Piramex' cross population was 7.5%. 
Paterniani and Vencovsky (1978) presented another version of 
reciprocal recurrent selection based on half-sib progenies and 
prolific plants in 'Dent Composite' and 'Flint Composite' 
populations. After three cycles, the average increase for 
yield in the variety cross was 3.5% per cycle. Estimates of 
among progenies genetic variances over cycles for the 
population crosses indicated that selection did not cause any 
reduction in genetic variability. 
Lambert (1984) integrated a reciprocal recurrent 
selection breeding program with selection in a high yield 
environment. The population cross had a 6 q/ha/cycle increase 
from cycle-0 to cycle-2. The data suggested more genetic 
variance and greater response were expressed in high yield 
environment than in normal environments. 
Darrah et al. (1978) estimated a variety cross yield gain 
of 7% per cycle using reciprocal recurrent selection in 
'Kitale II' and 'Ecuador 573' populations after three cycles. 
Darrah (1985) evaluated the same program after five cycles. 
The rate of improvement for the cross population was 5.5% per 
cycle. Correlated responses were in the right directions with 
a decrease in lodging and days to flowering and an increase in 
number of usable ears. 
Moll and Robinson (1966) evaluated the reciprocal 
recurrent selection program involving 'Jarvis' and 'Indian 
Chief after three cycles. Grain yield for the cross 
population increased 0.8% per cycle. Estimates of genetic 
variance among testcross progenies evaluated in a single 
environment increased with selection. After six cycles, Moll 
and Stuber (1971) reported an increase of 3.5% per cycle for 
the variety cross. Moll et al. (1977) studied the frequency 
distribution of single crosses among inbreds derived from 
Jarvis and Indian Chief populations before and after six 
cycles of reciprocal recurrent selection. Mean yield of single 
crosses from the selected populations was 12.5% greater than 
mean yield of single crosses from the unselected populations. 
This increase was smaller than the increase reported by Moll 
and Stuber (1971) by crossing the corresponding parental 
populations (21%). The variance component estimates were 
smaller for cycle 6 than for cycle 0, but the differences were 
not statistically significant. Reciprocal recurrent selection 
had minor effects on the features of the distributions of 
single cross yields. Moll and Hanson (1984) found a 2.7% per 
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cycle increase for Jarvis x Indian Chief cross population 
after 10 cycles of reciprocal recurrent selection. They 
concluded that this program utilized the additive effects from 
Jarvis and dominance effects from Indian Chief. 
Hecker (1985) reported the response to two cycles of 
reciprocal recurrent selection in crosses of sugarbeet 
populations A and B. Significant increases were obtained for 
recoverable sucrose (13.6%), root yield (18.7%), and sucrose 
concentration (5.8%). Hecker (1985) concluded that reciprocal 
recurrent selection could be an effective method for 
improvement of sucrose production in sugarbeet hybrids. 
Reciprocal recurrent selection vs. other recurrent 
selection methods 
Theoretical and experimental comparisons have been made 
to estimate the relative efficiency of reciprocal recurrent 
selection vs other recurrent selection methods for the 
improvement of the population cross. Comstock et al. (1949) 
compared the theoretical potentials of reciprocal recurrent 
selection with recurrent selection for GCA and recurrent 
selection for SCA. Comparisons of limits and rates of 
improvement were calculated with models that included partial 
dominance, complete dominance, and overdominance effects. With 
partial dominance, the improvement limit was the same for 
recurrent selection for GCA and reciprocal recurrent selection 
but lower for recurrent selection for SCA. With overdominance, 
recurrent selection for SCA and reciprocal recurrent selection 
improvement limits were equivalent and greater than recurrent 
selection for GCA. With complete dominance, all three methods 
showed the same limits. The rate of improvement with complete 
or nearly complete dominance was greater for reciprocal 
recurrent selection in initial cycles, but with an increase of 
allele frequencies by selection, recurrent selection for GCA 
provided greater response in future cycles. With partial 
dominance, the initial advantage of reciprocal recurrent 
selection was less than with complete dominance and recurrent 
selection for GCA showed a slight advantage. Reciprocal 
recurrent selection appeared as effective as either of the 
other two methods in all genetic situations considered even in 
the event of partial dominance at some loci and overdominance 
at other loci. 
Cress (1966) compared the rate of progress of different 
testing-mating systems utilizing two populations: reciprocal 
recurrent selection (RRS) and selection within the two 
original populations (WPS). With positive dominance, RRS had a 
greater rate of progress than WPS when (a, + bi) < 1, where a, 
and b, are the frequencies of the favorable dominant alleles in 
the parental populations. WPS had greater rate of response 
when (a, + b,) > 1. For loci with partially to completely 
dominant gene effects, RRS was superior to WPS for only a few 
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cycles if selection was effective in increasing the dominant 
allele frequencies. The relative size of the additive variance 
in the testcrosses compared with the additive variance in the 
original populations determined the relative performance of 
RRS vs WPS. Cress (1966) indicated that for hybrid 
development, RRS should be more effective than WPS when 
overdominant gene action and certain allelic frequencies are 
present. 
Cress (1967) conducted computer simulation for reciprocal 
recurrent selection (RRS) and two modifications of RRS. In the 
first modification, RRS,, one generation of selfing was made at 
the beginning of each cycle of selection before making the 
testcrosses. In the second modification, RRS^, the original 
populations are used as constant testers through the 
successive cycles of selection. Twenty cycles of continous 
selection were simulated for each method with completely 
dominant and overdominant models and under several starting 
allele frequencies. For the completely dominant model, gain 
during the first cycles was greater for RRS, method but it was 
similar for all three methods after 2 0 cycles. For the purely 
overdominant model, RRS and RRS^ improved the hybrid 
population, and RRS^ response was relatively poor. With two 
segregating populations, the advantage of allowing the tester 
to change complementary to the tested population explained the 
different performance. Cress (1967) considered RRS as probably 
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the best method when all levels of dominance are considered 
and the objective is to release single crosses, double 
crosses, or population hybrids. 
Hill (1970) made a theoretical comparison of three 
alternative breeding systems to improve the cross between two 
populations: pure-line selection (PLS), recurrent selection 
with an inbred tester (RST), and reciprocal recurrent 
selection (RRS). The study showed that with complete dominance 
RRS was more effective than PLS. The efficiency of RST 
depended on the initial allele frequencies in the two strains. 
For high initial allele frequencies, RST could be almost as 
efficient as RRS. With partial dominance, RRS and PLS had 
similar responses, and were greater than RST. With 
overdominance and initial equilibrium in each population, PLS 
was not useful, and RRS and RST gave the same improvement but 
initial rate of progress was faster with RST. 
Moll and Robinson (1966) compared the relative 
effectiveness of intrapopulation full-sib (FS) family 
selection and RRS to improve the Jarvis x Indian Chief 
population cross. After three cycles of selection, FS family 
selection was as effective as RRS improving the cross-bred 
performance. Moll and Stuber (1971) reevaluated the same 
program after six cycles of selection. The response of the 
variety hybrid to RRS (21%) was greater than the response to 
FS family selection (15%). Heterosis in the variety hybrid 
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increased markedly after RRS (11%) but showed little change 
after FS family selection (-3.8%). There was a bias in favor 
of FS family selection because its selection intensity (9.8%) 
was lower than for RRS (13.3%). Moll and Hanson (1984) 
reexamined the effects of both selection methods after 10 
cycles. Improvement in the population cross, Jarvis x Indian 
Chief, was slightly greater for RRS (2.7%) than for FS family 
selection (2%). 
West et al. (1980) compared intrapopulation S, selection 
and selection for crossbred performance under reciprocal full-
sib selection. After two cycles, the improvement for yield in 
the variety cross was 9.3% for S, selection and 5.2% for 
reciprocal full-sib selection. Results indicated that in the 
early generations of selection, S, selection was more effective 
than reciprocal full-sib selection to improve hybrid 
performance. However, West et al. (1980) emphasized that for 
breeding programs with long-term objectives, selection based 
on crossbred performance should result in higher performance 
of the hybrid populations. 
Darrah (1985) evaluated the efficiency of interpopulation 
selection using reciprocal recurrent selection, and 
intrapopulation selection using S, and ear-to-row selection in 
'Kitale II' and 'Ecuador 573' parental varieties. After ten 
years of selection, gain in the variety cross using RRS was 
5.5% per cycle. Ear-to-row and S, selection failed to show any 
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yield gain in the variety cross, although improvement was 
observed in the parental varieties. 
Estimation of genetic variance components 
Phenotypic variance (a^p) is the total variation for a 
character among the phenotypes of interest. Phenotypic 
variance can be partitioned into the genetic (a^c) , the 
environmental (a^^) / the genotype by environment 
interaction (a^cE) components of variation. The total genetic 
variance (ct^g) the component of phenotypic variance which is 
due to genotypic differences among phenotypes and depends on 
allele frequency, breeding value, and level of dominance. The 
genotype-environment interaction variance (a^oE) is the 
component of the phenotypic variance attributable to the 
failure of differences among genotypes to be the same across 
environments. 
Fisher (1918) partitioned the genetic variance into 
additive variance (CT^a) t dominance variance (a^o) , and epistatic 
variance (a^,) . Additive variance is the variance of breeding 
values due to the average effects of alleles. Dominance 
variance is the variance of dominance deviations due to the 
interaction of average effects of alleles. Epistatic variance 
is the variance due to interaction of nonalleles and can be 
subdivided into types according to the possible interactions 
between additive and dominance effects (Cockerham 1954, 
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Kempthorne 1955) . To summarize, + CT^, . 
All genetic variance components depend on allele 
frequencies. Therefore, if recurrent selection changes allele 
frequencies in populations, changes in allele frequencies are 
reflected in changes of genetic variance components. 
Eventually all the favorable alleles originally segregating 
will become fixed and as these alleles approach fixation, the 
genetic variance and rate of response should decrease 
(Falconer, 1989). The rate of decrease in genetic variance 
depends on allele frequencies in the original population, 
selection intensity, effective population size, and the nature 
of the trait under selection. 
Methods to estimate genetic variance components involve 
relationships among relatives. Those estimations require the 
appropriate mating and experimental designs. The mating design 
is the system of mating used to developed progenies and create 
the family structure. The experimental design is the system 
used to arrange families in the field to evaluate them. The 
experimental material used in the mating design is a sample of 
the target population known as the reference population. 
Because gene effects and variances can vary among reference 
populations, genetic variance components estimates refer 
exclusively to the population under study. To interpret 
genetically the experimental design components of variance, 
they are translated into covariances of relatives. These 
covariances of relatives can be expressed as linear 
combinations of genetic variance components. Thus, covariances 
of relatives are the bridge, or statistical device, to relate 
mating design variances with genetic variance components. For 
this translation, the parents must be random members of the 
reference population, the experimental errors must be 
independent, and the frequency of genotypes must be 
proportional to the allele frequencies which means that the 
reference population is in linkage equilibrium (Dudley and 
Moll, 1969). Cockerham (1963) indicated that linkage can bias 
the estimation of genetic variance components. First, the 
reference population may not be in linkage equilibrium and, 
second, recombination values less than one half affect the 
covariances of relatives even when the population is in 
linkage equilibrium. Linkages affect only the coefficients of 
the epistatic components of variance and increase them by 
amount dependent on the recombination value. There are two 
possibilities to reduce linkage effects; random mate the 
target population to reduce linkage disequilibrium or use of 
highly inbred parents in the mating design. As inbreeding 
becomes complete the covariances among the offspring (full-
sibs and half-sibs) are unaffected by linkage. When parents 
are homozygous they are assumed to be a random sample of 
doubled gametes from the noninbred reference population. The 
use of inbred parents in mating designs has an additional 
30 
advantage; the standard errors for genetic variance component 
estimates are smaller as compared with those using noninbred 
parents. However, the elimination of unfavorable recessive 
alleles with inbreeding could change the allele frequency of 
the original population and create a different reference 
population. 
The effect of any allele difference, and, hence, its 
contribution to genetic variance is determined by the genetic 
and environmental background. The average effect of the same 
allele difference may vary between highly inbred and crossbred 
populations and between different environments (Dickerson 
1963). The choice of the right experimental design is 
important to remove genotype by environmental interaction from 
genetic variance components estimates. Comstock and Robinson 
(1952) proposed replications-in-blocks (reps within sets) or 
block-in-replications (sets within reps) to control 
environment variability. 
Mating designs 
Cockerham (1963) classified mating designs as one, two, 
three, or four-factor designs according to the number of 
ancestors controlled per progeny. One-factor mating design 
involves progenies where only one parent is controlled and 
allows estimation of the total genetic variance without 
separate additive, dominance, and epistatic variance 
components. In two-factor mating designs, both parents are 
controlled and, assuming that epistasis is absent, additive 
and dominance components of variance can be estimated. In a 
three-factor design, one set of grandparents and both parents 
are controlled, and besides additive and dominance genetic 
variance components, some epistatic variance components can be 
determined. In a four-factor design, both sets of grandparents 
and both parents are controlled and estimates are more 
precise. 
The more common two-factor mating designs are North 
Carolina (NC) Design I, II, and III (Comstock and Robinson 
1948,1952), diallel, and partial diallel. Diallel is a cross-
classification mating design where all possible crosses among 
a specific set of parents are made and evaluated to estimate 
general and specific combining abilities. Because the diallel 
has the limitation in number of parents to include, the 
diallel is rarely used to estimate genetic variances. To 
increase the number of parents and to have a more 
representative sample of the population, Kempthorne and Gurnow 
(1961) developed the partial diallel where only a portion of 
the possible crosses are made for each parent. The NC Design I 
is a nested mating design where each male is mated to a set of 
females to generate progenies for evaluation. The NC Design 
III was developed to estimate the average level of dominance 
of alleles affecting the traits evaluated, the dominance 
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variance, and the effects of linkage on the additive variance. 
The reference population for a Design III is an F2 and 
progenies are developed by backcrossing F, plants to both 
inbred parents. The NC Design II is a cross-classification or 
factorial design where different sets of parents are used as 
males and females to produce half-sib and full-sib families 
for evaluation. Design II has several advantages over other 
designs: two independent estimates of additive variance 
component are available, more parents can be included, and 
dominance variance component can be estimate directly from the 
mean squares so associated standard errors are smaller than 
for Design I estimates. Stuber (1970) outlined a procedure for 
estimation of additive, dominance, and additive by additive 
genetic variances by using inbred relatives generated by bulk 
selfing full-sib families in Design I and Design II. They 
defined linear functions of covariances among inbred relatives 
to estimate genetic variances for the noninbred reference 
population. 
Design II has been used in several studies to estimate 
genetic variance components. Hallauer (1970, 1971) imposed 
Design II to six populations: BSSSCO, BSCBICO, BSSS(R)C4, 
BSCB1(R)C4, BSSSCO X BSCBICO and BSSS(R)C4 X BSCB1(R)C4. Four 
males (SQ plants) were crossed with four females (S, progenies) 
to form a set. Twenty sets were produced for each population 
and full-sib families were grown in randomized imcomplete 
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blocks with one set from each of the six populations included 
in each block. The largest proportion of the total genetic 
variance was due to additive effects. 
Eberhart et al. (1966) applied Design II to sets of 
inbred lines obtained without selection from two maize 
populations, Jarvis and Indian Chief. Design II was combined 
with a Design I using noninbred parents. DI-DII combination 
provided estimates of additive, dominance, and some epistatic 
variances. Additive gene action accounted for most of the 
genetic variance and epistasis did not contribute 
significantly to the total genetic variance. 
Sentz (1971) compared relative efficiencies of Design I 
and Design II for estimation of genetic variance components in 
'Minnesota Synthetic 3'. For the DII S, lines were mated to 
form progenies that were evaluated in a randomized complete 
block design. DI was less sensitive than DII for estimating 
genetic variances, particularly dominance variance. Also, 
standard errors were larger for DI. 
Silva and Hallauer (1975) used Design I and Design II to 
estimate epistatic variance in BSSS. Parents for the DI were 
noninbred and parents of DII were random S-, lines. Full-sib 
families were evaluated in incomplete blocks design with one 
set of DI and DII matings per block. Different levels of 
inbreeding for the parents allowed sufficient independent 
equations to estimate digenic epistatic variances. Epistatic 
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variance was not an important component for yield and additive 
variance account for most of the total genetic variability. 
Stucker (1989) applied Design II to three groups of 
inbred lines: the original lines of BSSS, lines derived from 
BSSS before selection, and lines derived from BS13(S)C1. The 
experimental design was a replication-within-sets, randomized 
incomplete block design. Additive variance for yield did not 
decrease with selection. Dominance variance decreased for all 
traits. 
Interpopulation genetic variance components estimation 
Characterization of the genetic variability present in a 
population cross is important for the evaluation of the 
effectiveness and progress expected from selection procedures 
that involve two populations and their crosses. Most of the 
emphasis in genetic parameters estimation has been focused on 
one population. Fewer studies have been directed to 
characterize cross populations created by the union of gametes 
originating from two different parental populations. Because 
population crosses often exhibit heterosis, one objective of 
those studies was to determine the types of gene effects 
important for the expression of heterosis in population 
crosses. Another objective was to estimate genetic variability 
and its components for the population cross. 
Robinson et al. (1958) investigated the genetic variances 
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in two populations (Jarvis and Indian Chief) and their cross. 
A random plant from one variety was mated as a male to four 
random plants from the other variety. Intrapopulation male and 
female-within-male components of variance were greater than 
the respective interpopulation components. However, they were 
estimated under different environmental conditions. Midparent 
heterosis was 20%. Results agreed with a model with additive 
gene effects with partial to complete dominance and no 
epistasis. 
Lonnquist and Gardner (1961) evaluated heterosis in 
crosses among a group of varieties in order to select two of 
them to initiate a reciprocal recurrent selection. In general, 
the additive effects of the varieties were more important than 
nonadditive effects in determining yield of variety crosses. 
Midparent heterosis was 7.2% and most of the variety crosses 
yielded more than the midparent values. Heterosis was greater 
when improved synthetics were crossed with their original 
unselected variety. 
Compton et al. (1965) characterized the genetic 
variability in two populations ('Golden Republic' and 'Barber 
Reid') and their F, intervariety crosses. A Design I was 
applied where individual plants from each population were 
crossed to three random plants of the same population and to 
three random plants of the other population. Intravarietal and 
intervarietal male and female variance components and their 
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genetic ratios were calculated. Intervarietal variance 
components estimates for yield were greater than intravarietal 
variance components. Midparent heterosis for the variety cross 
was 7%. 
Stuber et al. (1966) used a combination of Design I and 
Design II to obtain genetic variances in a hybrid population. 
They created several functions of covariances among half-sib 
and full-sib families for both designs to estimate additive, 
dominance, and epistatic variances. However, different linkage 
disequilibrium in the material utilized in the two mating 
designs could represent different reference populations. 
Epistatic variance was negligible. For yield the dominance 
variance was similar to the additive variance. For days to 
tassel, ear height, and plant height additive variance was 
larger than dominance variance. 
Stuber and Moll (1969) estimated the importance of 
epistasis in interpopulation single crosses of unselected 
lines from two maize populations (Jarvis and Indian Chief) and 
their progenies from one generation of selfing. The single 
crosses were the same as those used by Stuber et al. (1966) 
for the Design II. Significant epistatic effects were detected 
in some specific crosses so it could be important in unique 
genetic combinations. The total variability explained by 
epistasis was less than 10%. 
Obilana and Hallauer (1977) reported the amount and type 
of genetic variability in the interpopulation cross formed by 
crossing two synthetic varieties (BSIO and BSll); they used 
Design I and Design II and a combination of both designs. 
Genetic variance in the interpopulation was partitioned into 
additive and dominance components and their interactions with 
the environment. Additive variance was the more important 
genetic variance components for all traits. Dominance variance 
was about half the additive variance for yield. The predicted 
response for reciprocal full-sib selection in the population 
cross (37%) was greater than the observed gain (22%). 
Melchinger (1984) investigated the influence of 
recombination in two parent populations on the mean and the 
combining ability variances of their hybrid populations. Two 
populations of four flint and four dent inbred lines were used 
to create three generations with different gamete phase 
disequilibrium; original lines (Syn-0), single crosses (Syn-
1), and double crosses (Syn-2). The hybrid populations for 
each generation were formed by using a Design II for lines and 
single crosses and biparental progenies for double crosses. 
For yield estimates of general combining ability variance for 
both flint and dent parents showed an expected decrease from 
the single crosses to the double crosses, followed by an 
increase to the biparental progenies. Melchinger (1984) 
concluded that recombination can increase genetic variance but 
also can disrupt favorable epistatic combinations. 
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MATERIAL AND METHODS 
Plant materials 
Genetic materials used for this experiment were 
developed from BSSS and BSCBl. BSSS was synthesized in the 
1930's by intercrossing 16 lines selected for good stalk 
quality: 1159, 1224, 0s420, Wd456, Ind461-3, III12E, C1617, 
CI450, IIIHY, Oh3167B, IndAH83, IndTR9116, FlBl, A3G-313, 
CI187-2, and LE23 (Sprague 1946). BSCBl was synthesized in the 
1940's from 12 lines with acceptable levels of resistance to 
the first generation European corn borer (Ostrinia nubilalis 
Hubner): A340, CCS, Hy, 1205, K230, L317, 0h07, Oh33, Oh40B, 
Oh51A, P8, and R4 (Hallauer et al., 1974). 
The BSSS population has been used in two independent 
recurrent selection programs: half-sib family followed by S2 
progeny recurrent selection and reciprocal recurrent selection 
(Fig 1). Half-sib family recurrent selection using the double-
cross Iowa 13 [(L317 x BL349) x (BL345 x MC401)] as a tester 
was initiated in BSSS in 1939 (Sprague, 1946). Details of the 
experimental procedure for the seven cycles of half-sib family 
recurrent selection were described by Eberhart et al. (197 3) 
and Lamkey et al. (1991). This population was designated 
BS13(HT)Ci for the different cycles of selection. After the 
completion of seven cycles of half-sib family recurrent 
selection, S2-progeny recurrent selection was initiated and 
the population was redesignated BS13(S). Experimental 
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Figure 1. Source populations of S7 lines developed by single-
seed descent (SSD) used as parents of the full-sib 
families 
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procedures in S2-progeny recurrent selection have been 
described by Helms et al. (1989) and Lamkey (1992). The 
primary trait under selection for both selection systems was 
yield, with selection pressure to maintain lower grain 
moisture at harvest and increased resistance to root and stalk 
lodging (Lamkey, 1992). The number of progenies evaluated and 
selected, and the number of locations and of replications per 
location used for each cycle are presented by Lamkey (1992). 
Reciprocal recurrent selection (RRS) was initiated in 
1949. Parallel selection programs were conducted for BSSS and 
BSCBl, each one acting as the tester for the other. Details of 
the methods used for conducting RRS in the first five cycles 
were described by Penny and Eberhart (1971). After cycle 5, 
individual S, plants rather than plants were used to make 
the test crosses and evaluation trials were machine-harvested 
rather than hand-harvested. After cycle 8, the number of SI 
progenies selected by population for intermating was increased 
from 10 to 20 to reduce genetic drift. The selection method 
was changed from half-sib family to full-sib family RRS after 
cycle 9 (Keeratinijakal and Lamkey, 1993). The primary trait 
selected has been grain yield, with selection for less grain 
moisture, and reduced root and stalk lodging. After cycle 8, 
selection of best progenies was based on a selection index, 
weighted by the heritabilities of grain yield, grain moisture, 
root lodging, and stalk lodging (Smith et al., 1981a,b). 
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Inbred lines (S7) were developed by SSD (Single-Seed 
Descent) from BSSSCO, BSCBICO, BS13(S)C3, BSSS(R)C9 and 
BSCB1(R)C9. A random sample per population of those S7 inbred 
lines were used to developed progenies for evaluation in the 
1990 and 1991 breeding nurseries at the Agronomy and 
Agricultural Engineering Research Center near Ames, Iowa and 
in the 1991 winter nursery at Sta Isabel, Puerto Rico. 
Mating designs 
A cross-classification mating design (North Carolina 
Design II) was used to estimate genetic variance components in 
three interpopulation variety crosses: BSSSCO x BSCBICO 
(variety cross between the original unselected populations), 
BSSS(R)C9 X BSCB1(R)C9 (variety cross between RRS improved 
populations) and BS13(S)C3 x BSCB1(R)C9 (variety cross between 
a HS-S2 recurrently improved population and a RRS improved 
population) (Fig. 2). The BSCB1(R)C9 S7 lines used as parents 
in BSSS(R)C9 X BSCB1(R)C9 mating design were the same S7 lines 
that were used in BS13(S)C3 x BSCB1(R)C9 mating design. The 
other parental populations involved in these crosses 
(BS13(S)C3 and BSSS(R)C9) have the same original population 
(BSSSCO) but different selection method (intrapopulation vs 
interpopulation). An unselected sample of 80 S7 lines was used 
in the mating design for each parental population. The matings 
in all three DII's were made using sets of four by four random 
BSSSCO BSCB1C0 BSSS(R)C9 BSCB1 (R)C9 BS13(S)C3 
S7 IL S7 IL S7 IL S7 IL S7 IL 
DII 
BSSSCO X BSCB1C0 
BSSS(R)C9 X BSCB1(R)C9 
DII 
320 FS 320 FS BSCB1 (R)C9 X BS13(S)C3 
320 FS 
EXPERIMENTAL DESIGN 
(REPS WITHIN SETS) 
to 
Figure 2. Design II (DII) mating designs that used S, inbred lines (IL) to develop 
the 320 full-sib (FS) families for the three population crosses 
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lines. Each set, therefore, had 16 full-sib progenies. 
Twenty sets (4x4) were made per each DII, ten of them using a 
parental population as a male and the other ten as a female. 
Pooling over sets, 320 full-sib families per variety cross or 
DII were developed. 
Field design 
For the evaluation trials we had a total of 960 full-sib 
progenies generated from the three DII mating designs: 320 FS 
families from BSSSCO x BSCBICO DII, 320 FS families from 
BSSS(R)C9 X BSCB1(R)C9 DII and 320 FS families from BS13(S)C3 
X BSCB1(R)C9 DII. Twenty sets of 48 entries (16 
entries/variety cross) were evaluated in a replications-
within-sets, randomized incomplete block field design with two 
replications per set. Because our objective is to compare the 
estimates of genetic variance components for the three variety 
cross populations, one set of 16 FS families from each variety 
cross was randomly included in a block, avoiding the location 
of FS progenies with the same BSCB1(R)C9 S^ lines as parents 
in the same block. The 48 entries per block were randomized 
for the assignment of a FS family to a plot within a block, 
and each block was replicated twice in each experiment. The 
20-block experiment was repeated at five locations: at the 
Agronomy and Agricultural Engineering Research Center west of 
Ames and the Iowa State University Research Farm near Ankeny 
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in 1992 and 1993, and the Atomic Energy Research Center at 
Ames in 1993. Each location by year combination was treated as 
a different environment resulting in a total of five 
environments. Each FS family entry was machine-planted in two-
row plots. The length of the plots was 5.49 meters with 0.76 
meters between rows. Plots were overplanted and thinned to 48 
plants per plot. This resulted in a density of approximately 
57520 plants per hectare. The plots were machine-harvested 
without gleaning for dropped ears. 
Traits measured 
Data were taken for days to anthesis (number of days from 
planting to 50% of the plants to shed pollen), days to silk 
(number of days from planting to 50% of the plants with 
emerged silks), plant height (the distance in cm from ground 
level to the base of the flag leaf), ear height (the distance 
in cm from ground level to the node bearing the primary ear), 
root lodging (% of plants leaning more than 3 0% from 
vertical), stalk lodging (% of plants with broken stalks at or 
below the highest ear bearing node), dropped ears (% of ears 
on the ground at harvest), grain yield (machine harvestable 
grain yield in Mg/ha adjusted to 15.5% grain moisture), grain 
moisture (% moisture of machine-harvested grain at harvest) 
and tassel branches (number of primary tassel branches). 
Number of tassel branches and plant and ear height were 
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calculated as the average of measurements on 10 competitive 
plants per plot. Grain yield and grain moisture were measured 
in all five environments. Plant height, ear height, root 
lodging, stalk lodging, and dropped ears were measured in four 
environments. Days to anthesis and days to silk were measured 
in two environments. Number of tassel branches was measured in 
three environments and in only four sets per environment. 
Descriptive statistics 
Means for each trait in each environment and over 
environments were calculated. Distribution histograms also 
were constructed on the means over environments and on the 
means for each environment of 320 full-sib progenies for each 
population. Estimates of skewness, kurtosis, and the Shapiro-
Wilk W test for normality (Shapiro and Wilk, 1965) were 
calculated for each distribution in both cases. Skewness is 
the third moment about the mean and was estimated as: 
g, = m3/(m2)-^'^ , 
where 
gi = coefficient of skewness; 
mj = S[X - (S X/ n ) ] V n ;  a n d  
m2 = S[X - (S X / n )  ] V n .  
Kurtosis is the fourth moment about the mean and was estimated 
as: 
g2 = m4/(m2)^ - 3 , 
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where 
92 = coefficient of kurtosis; and 
in4 = 2[X - (S X/n) ]Vn. 
When the sample population is normally distributed the 
coefficients of skewness and kurtosis are normally distributed 
about zero with standard deviations of (6/n)"- and (24/n)"^ 
respectively (Snedecor and Cochran, 1989). Positive skewness 
values indicate an elongated upper tail and negative ones 
indicate an elongated lower tail. Positive estimates of 
kurtosis indicate a distribution with longer tails than under 
normality and negative ones indicate a distribution with a 
flat-topped characteristic. 
Genetic statistical theory and analysis 
Genetic variance partition in the cross population 
Two systems have been used in the literature for defining 
gene effects and variances with regard to the cross 
population. Stuber and Cockerham (1966) compared these two 
definitional systems for hybrid populations. For one system 
the effects of genes are defined according to the population 
of origin (dual definitional system), and for the other system 
gene effects are defined with reference to the F, population 
itself (unique definitional system). For the dual definitional 
system the genotypic variance is partitioned as follows: 
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~ ^^A\A2 ^^A2A2 "^ "AlDn ''^ A2D12 
2 2 2 2 2 2 
^ D12D12 AlAIAI A1A1A2 •*" A1A2A2 A2A2A2 + ^  A1AID12 "*" • • ' i 
where the subscripts, 1 and 2, indicate the origin of the 
genes from the two parent populations. More details about the 
genetic model and how to derive variance components are given 
by Griffing (1962), Schnell (1965), and Melchinger (1988). If 
epistasis is not considered the genotypic variance partition 
becomes: 
(7^ 0 = °\l + °^A2 + ^ ^^ 012 / 
where 
= cross population additive variance due to pop. #. 
For the unique definitional system the genetic variance 
is partitioned differently: 
+ cj^ o + + ... 
Details for deriving these variances are presented by Stuber 
(1965) and Obilana and Hallauer (1977). If epistasis is not 
present: 
= «^'A + 
Although partition is different in both systems, the genetic 
variance is the same: 
A^A\ '^ A^2 '^ >^12 "" '^ "A 
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Stuber and Cockerham (1966) showed that: > and 
a^Di2 ^ The additive variances associated with the two 
definitional systems refer to different selection systems. The 
additive variance (ct^ a) is applicable to estimate the progress 
from mass or full-sib family selection among the hybrids. The 
dual variances, and relate to progress from hybrid 
selection of the reciprocal recurrent type (Comstock et al. 
1949), which is the one used in the populations involved in 
this study. Hence, the dual definitional system will be 
applied in this study to estimate the interpopulation genetic 
variance components. 
Covariances between relatives in the interpopulation 
The interpretation of the covariances between relatives 
depend on which one of the former systems is used to define 
gene effects and variances. For the dual definitional system 
covariances among relatives can be expressed as: 
Gov = + ^2^'^^2A2 + ^1^2'^^1A2 
+ f 
where denotes the probability that genes originating from 
population i are identical by descent. For covariance among 
half-sib families when the common parent is population 1 
(C0VHS,2) , $1 = (1 + F,)/2 and $2 ~ 0/ when the common parent is 
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population 2 (COVHS21) then $1 = 0 and $2 ~ (1 + For 
covariance among full-sibs, $, = (1 + F,)/2 and $2 = (1 + F2)/2 
Genetic variance components considering no epistasis can be 
expressed as a linear combination of covariances of relatives 
= C0VHS, 2  r 
= COVHS21 , and 
COVFS - (C0VHS, 2  +  COVHS21) . 
For the unique definitional system, formulations of 
covariances among relatives become more complex because the 
coefficients of the variance components depend on the 
inbreeding coefficient (F) and on the frequencies of the 
alleles at each locus in the two parent populations (Stuber, 
1965). Genetic variance components considering no epistasis 
present can be expressed as: 
= COVHS12 + COVHS2, , and 
= COVFS - (C0VHS , 2  +  COVHS2,) .  
Statistical analysis 
Data were analyzed for individual sets in each 
environment and pooled over sets in each environment. To 
obtain the combine analysis across environments, each set was 
combined across environments after sets were pooled. The 
statistical model used for the combined analysis of variance 
was: 
YespiB = M + Ej + S, + (ES),3 + Pp/, + Rr/<,,p + Gg/,p + PEp/,^^ 
^Eg/spxc ^espig / 
where 
e = 1, ... 5 (environments), 
3 = 1 ,  . . .  2 0  ( s e t s ) ,  
p = 1, ... 3 (populations), 
r = 1,2 (replications), and 
g = 1, ... 16 (full-sib families). 
The components are defined as: 
^espiB = observation of the g"' full-sib 
family in the p"* population in the s"* 
set in the e"* environment; 
jti = overall mean; 
Ej = effect of the e"' environment; 
S, = effect of the s"" set; 
(ES)„ = effect due to the interaction of the 
s"* set and the e"* environment; 
Pp/, = effect of the p"* population within the 
s"* set; 
Rr/„p = effect of the r"" replication within the 
p"* population, the s"* set, and the e"' 
environment; 
Gg/sp = effect of the g"* full-sib family within 
the p"* population and s"* set; 
PEp/jxe = effect due to the interaction between 
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p"" population in s"* set and the e"" 
environment; and 
GEg/spxe = effect due to the interaction between 
the g"* full-sib family in the p*^ 
population in s"* set and the e"* 
environment; and 
e„p^ = random error in the r"* observation of 
the g"" full-sib family in the p"* 
population in the s"* set in the e''' 
environment. 
The source of variation Gg/,p was partitioned into the three 
different hybrid populations, which were further partitioned 
into male component for each parent population, female 
component for each parent population, and male x female 
component. Likewise, was partitioned for each cross 
population in the interaction between male, female, and male x 
female components and environments. 
The analyses of variance for one set and for pooled sets 
in one environment are shown in Tables 1 and 2, respectively. 
For each cross population the following hypothesis were 
tested: 
HQ: 0 ^(nMF.nE) ~ ^MF/ME 
HQ: = 0 P(nM,nMF) ~ 
HQ: o\ = 0 ^(nF.nMF) ~ ^F/MMF 
If was not significant, then the error mean square (Mg) 
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Table 1. Form of the analysis of variance, degrees of freedom 
(df), mean squares (MS), and expected mean squares 
(EMS) for each set in one environment 








M BSSSCO m-1 MIO a^ + + 
F BSCBICO f-1 M9 a^ + + 
M X F (m-1)(f-1) M8 a^ + 2a^FM 
BSSS(R)C9 X BSCB1(R)C9 
M BSSS(R)C9 m-1 M7 + + 
F BSCB1(R)C9 f-1 M6 a^ + FM + 
M X F (m-1)(f-1) M5 a^ + 2a'FM 
BS13(S)C3 X BSCB1(R)C9 
M BS13(S)C3 m-1 M4 + + 
F BSCB1(R)C9 f-1 M3 + FM + 
M X F (m-1)(f-1) M2 a^ + FM 














Table 2. Form of the analysis of variance, degrees of freedom 
(df), and expected mean squares (EMS) by pooling over 
sets in one environment 





BSSSCO X BSCBICO 
HS pool 2s(m-1) + + 
M BSSSCO s/2(m-1) + 20' FM + SO^M BSSSCO 
M BSCBICO s/2(m-1) + FM + BSCBICO 
F BSSSCO s/2(f-l) + FM + SO^F BSSSCO 
F BSCBICO s/2(f-l) + 20' FM + 80 F BSCBICO 
M X F s(m-l)(f-1) + 20 FM 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 2s(m-1) + 2O^FM + ®O^HS 
M BSSS(R)C9 s/2(m-1) + FM + 80^M BSSSC9 
M BSCB1(R)C9 s/2(m-1) + 20 FM + 80^M BSCB1C9 
F BSSS(R)C9 s/2(f-1) + 20 pM + 80^F BSSSC9 
F BSCB1(R)C9 s/2(f-1) + FM + So F BSCB1C9 
M X F s(m-l)(f-1) + FM 
BS13(S)C3 X BSCB1(R)C9 
HS pool 2s(m-1) (P- + 2O^FM + SO^HS 
M BS13(S)C3 s/2(m-1) (P- + 20 FM + S O ^MBS13C3 
M BSCB1(R)C9 s/2(m-1) + 2 o FM + 80^M BSCBIC9 
F BS13(S)C3 s/2(f-l) + 20" FM + 80^FBS13C3 
F BSCB1(R)C9 s/2(f-l) + 20 FM + So FBSCB1C9 
M X F s(m-l)(f-1) + 2o FM 
Error sp(e-l)(r-1) 
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was used to test the significance of and a^p. 
The combined analysis of variance across environments is 
shown in Table 3. The hypothesis, Hq : = 0 was tested using 
Satterthwaite's (1946) approximation: 
F(na, nb) ~ (^M ^MFxc) / (^MF ^Mxe) / 
where 
na =(Mm + Mmf„)/{(Mm)V[(s/2) (m-l)] + (MMFxc)V[s(m-l) (f-1) (e-1)]} 
n b  = ( MMF + MMxe)/{(MMF) V [ s ( m - l )  ( f - l ) ]  + (MMxe) V [ ( s / 2 )  ( m - 1 )  ( e - 1 ) ] } .  
The same approximation was used for and direct F-tests were 
made for all other sources of variation. 
Estimation of interpopulation genetic variance components 
The design variance components (Tables 1-3) were 
translated in terms of covariance among relatives generated 
from the population cross as follows: 
= C0VHS,2(a) 2 — M Ixe ~ COVHS ,2xe 
= COVHS,2 
" F Ixe COVHS,2xe 
= COVHS21 ^^M2xe ~ C0VHS2iXe 
= C0VHS2, 
'^^F2xe ~ COVHSjiXe 
= COVFS - (C0VHS,2 + COVHSzi) and, 
= [COVFS - (C0VHS,2 + C0VHS2,)]xe 
(a) The number after M (male) or F (female) indicates the 
parent population that generates the HS families and is, 
as well, the first digit after COVHS. 
Genetic variance components for the dual definitional system 
Table 3. Form of the combined analysis of variance, degrees of freedom (df), and 
expected mean squares (EMS) for sets across environments 













M X F 
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+ rea^FM + rmea^HS 
SCOxe "*• BSSSCO 
+ 4-
rjvixc ivi 
+ rfa^ reo 
+ ra^FMxc + rma^FBssscoxc + rea^, 
+ J^VMXC + rma^FBscBiojxc + rea 
+ rea^FM + ra^FMxe 
+ rmCT2jj3^^ + rea^p,^ + rmeCT^^s 
°\ + i^«^,FMxc + rfa^MBssscsxc + ^ ea^FM + rfea2 SSSC9 
+ ra^FM^e + rfa^MBscBicgxc + rea^F^ + rfea^^BscBicg 
°l + + J^rn<^,FBsssc9xe + recT^pM + rmeff^^ 
+ rmajFBscBic9xc + J^ea^F^ + rmea^F BSCBIC9 
+ ra^FMxc + rea^FM 






FMxc + + rea^FM + rmea^j^g 
FMxe ^^^ MBS13C3xe FM ^f®'^MBS13C3 
FMxe MBSCBlC9xe + FM M BSCB1C9 
mxc + rma^FBS13C3XC + rea^M + rmea^pBsiscs 
FMxe •*" F BSCBlC9xe + •*" BSCB1C9 
•rrr^™. + . 
Pop/set * env s(p-l)(e-1) 
Entries/pop/set * env 
(BSSSCO X BSCBICO) * env 
HS pool * env 2s(in-l) (e-1) 
M BSSSCO * env s/2(m-l)(e-1) 
M BSCBICO * env s/2(m-l)(e-1) 
F BSSSCO * env s/2(f-1)(e-1) 
F BSCBICO * env s/2(f-1)(e-1) 
MF CO-CO * env s(m-l)(f-1)(e 
(BSSS(R)C9 X BSCB1(R)C9) * env 
HS pool * env 2s(m-l)(e-1) 
M BSSS(R)C9 * env s/2(m-l)(e-1) 
M BSCB1(R)C9 * env s/2(m-l)(e-1) 
F BSSS(R)C9 * env s/2(f-1)(e-1) 
F BSCB1(R)C9 * env s/2(f-1)(e-1) 
MF C9-C9 * env s(m-l)(f-1)(e 
(BS13(S)C3 X BSCB1(R)C9) * env 
HS pool * env 2s(m-l)(e-1) 
M BS13(S)C3 * env s/2(m-l)(e-1) 
M BSCB1(R)C9 * env s/2(m-l)(e-1) 
F BS13(S)C3 * env s/2(f-1)(e-1) 
F BSCB1(R)C9 * env s/2(f-1)(e-1) 
MF C3-C9 * env s(m-l)(f-1)(e 
Pooled Error sp(e-l)(r-1) 
<7^ + + rma^Hs^e 
+ TO + rfCT wgssscoxe 
MBSCBlCOxc 
+ TO + ritlCT FBSSSCOXC 
+ rma^FBscBicoxc 
+ ra^pMxc 
o] + ra^PMxe + rmaVc 
•*" FMxe MBSSSC9xe 
+ TO + rfCJ MBSCBlC9xe 
FMxc + rma^FBsssc9xc 
rma FBSCBICSXC 
+ rma^Hsxc 
FMxc M BS13C3xe 
FMxe •*" rf a M BSCBlC9xe 
+ ra^pM^ + rmajp BS13C3XC 
+ ra + rma p bscbic9XC 
,t2 
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(section 1) , where a^Q = inbreeding 
level for both parental populations equals 1 (F=l), can be 
expressed as a linear combination of covariance among 
relatives (section 2) and as a linear combination of design 
variance components by using the former relationships; 
= C0VHS,2 = 1/2 (a^M, + o\,) = a^Hsi (a) 
(T^A2 ~ COVHS21 = 1 / 2 (2 "*• 2) ~ 2 
a^on = COVFS - (C0VHS,2 + COVHSj,) = 
~ 1/2[(£^^M1 ^^Fl) ('^^M2 '^^F2) ] ~ 
'''^MF ~ (1 + 2) 
<^^A1E ~ C0VHSi2Xe = l/2(a^Mlxe '^^Flxe) ~ Ixe 
<^^A2E ~ C0VHS2iXe = l/2(a^M2xe '^^F2xe) ~ 2xc 
<7^di2E = [COVFS - (C0VHS,2 + C0VHS2,)]xe = 
"^^MFxe ~ 1/2[(0'^M1XC + '^^F Ixe) + (<^^M2xe ^^F2xe)] ~ 
•^^MFxe ~ (<^^HSIxe '^^HS2xe) 
(a) is the design variance component by pooling the 
maternal and paternal half-sibs with the same parental 
population. 
The assumptions for translation of covariances of relatives 
into genetic variances were given by Comstock and Robinson 
(1952), Cockerham (1963), and Gardner (1963). For this study 
these assumptions are: 
(a) Random choice of inbred lines used to create the 
progenies; 
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(b) No nongenetic maternal effects; 
(c) No multiple alleles; 
(d) Regular diploid behavior at meiosis; 
(e) Random distribution of progenies relative to 
variations in the environments; 
(f) Linkage equilibrium; 
(g) No epistasis; 
(h) For the level of dominance estimation, gene 
frequencies are considered 0.5; 
Standard errors (SE) of variance component estimates were 
calculated from the analysis of variance (Snedecor and 
Cochran, 1989): 
S.E.(a2) = {2/C2 Si [(MSi)V(ni+2)]}"2 , 
where 
MS; = the i"^ mean square; 
n; = the degrees of freedom associated with the i*** mean 
square; and 
C = the coefficient of the variance component in the 
expected mean square. 
Heritabilities 
Heritability estimates were calculated on a progeny-mean 
basis for each environment and for the combined analysis of 
variance across environments. To have more precision in these 
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estimates the male and female half-sib families for each cross 
population were pooled (a^Hs) • Heritability (h^) for each 
environment and for each hybrid population was estimated as; 
where 
a^Hs "the pooled estimate of all half-sib family 
components of variation. 
Heritability estimates unbiased by genotype by environment 
interaction were obtained from the combined AOV as: 
= CR2HS/(aV8e + + a'^ )^ . 
Confidence intervals for heritability were calculated 
according to Knapp and Bridges (1987) as: 
P{l-F.025:dr.dr(M'/M") < h^ < 1-F.„5„ (M'/M") } = 1 - a , 
where 
= Mmp (mean square for MF source of variation), for 
each environment; or 
= MMF + MHSXC - MMP„ , for the combined AOV; 
M" = MHS; 
df = Mmfdegrees freedom, for each environment; or 
~ (^MF "*• ^HSxe ~ (^MF^/dfMF+MHSxe^/^^HSxe"^MMFxe^/^^MFxe) t 
for the combined AOV; 
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df" = Mjjs degrees of freedom; 
F.o25:dr,dr = the value from the distribution with 
the probability to exceed this value of 
0.025; and 
F 975.df-_dr = the value from the distribution with 
the probability to exceed this value of 
0.975. 
Correlations among interpopulation traits 
Additive (r^) , dominant (ro) , genetic (ro) , and phenotypic 
(rp) correlations were estimated for the pairs of nine traits; 
yield, moisture, plant and ear height, root and stalk lodging, 
days to pollen shed and silk emergence, and tassel branches. 
Analysis of covariance combined over environments was 
calculated for each pair of traits (Table 4). Mode and 
Robinson (1959) showed that the expectations of mean products 
are the same as for mean squares so covariance components can 
be obtained and used, together with the individual trait 
variances, to calculate the correlation coefficients for each 
cross population as follows: 
(1) r^ = additive genetic correlation: 
~ <^AXY/('^^AX • ~ 2CThsxy/[ (2cr^Hsx) (2cx^HSY)]"^ ' 
where 
'^AXY ~ 'the additive genetic covariance between traits X 
Table 4. Combined analysis of covariance for traits X and Y across environments and 
expected mean products (EMP) for a design II experiment 







BSSSCO X BSCBICO 
HS pool 
^XY + ^''^FM XYxe + rma. 
M BSSSCO 
^XY + ^'^FM XYxe + rfa. 
M BSCBICO ^XY + XYxe + rf aj 
F BSSSCO °XY + ^•^FM XYxe + rma, 
F BSCBICO C^XY + ^'^FM XYxe + rmO] 
M X F 
^XY + ^<^FM XYxe + rea, 
BSSS(R)C9 X BSCB1(R)C9 
HS pool ^XY + ^^FM XYxe + rma. 
M BSSS(R)C9 ^XY + ^''^FM XYxe + rfa. 
M BSCB1(R)C9 
'^XY + ^'^FMXYxe + rfa, 
F BSSS(R)C9 
'^XY + ^'^FM XYxe + rma. 
F BSCB1{R)C9 
'^XY + ^•^FM XYxe + rma. 
M X F °XY + ^^FM XYxe + rea. 
BS13(S)C3 X BSCB1(R)C9 
HS pool 
^XY + ^'^FM XYxe + rma. 
M BS13(S)C3 
'^XY + ^<^FM XYxe + rfa. 
M BSCB1(R)C9 (^XY + ^'^FM XYxe + rfa. 
F BS13(S)C3 
'^XY + ^•^FM XYxe + rma. 
F BSCB1(R)C9 ^XY + rO^FM XYxe + rma, 
M X F ^XY + ^"^HMXYxe + rea. 
M BSSSCO XYxe 
FMXY 
+ reap^j XY 
. + r eap^, xy 
+ reap^jxY 
+ r f ea^J BSSSCO XY 
+ RFECTJ^ BSCBICO XY 
+ rmeCTp BSSSCO XY 
M BSSSC9 XYxe 
M BSCB1C9 XYxe 
+ rea FMXY 




M BSCBtC9 XY 
F M X Y  
+ reCTpj^xY ^®'®<^HSXY 
M BS13C3 XYxe 




+ rf ea^j bs,3C3 XY 
FMXY BSCB1C9XY 
+ REAP^JXY BSCBIC9 XY 
Pop/set * env 
Entries/pop/set * env 
(BSSSCO X BSCBICO) * env 
HS pool * env 
M BSSSCO * env 
M BSCBICO * env 
F BSSSCO * env 
F BSCBICO * env 
MF CO-CO * env 
(BSSS(R)C9 X BSCB1(R)C9) * env 
HS pool * env 
M BSSS(R)C9 * env 
M BSCB1(R)C9 * env 
F BSSS(R)C9 * env 
F BSCB1(R)C9 * env 
MF C9-C9 * env 
(BS13(S)C3 X BSCB1(R)C9) * env 
HS pool * env 
M BS13(S)C3 * env 
M BSCB1(R)C9 * env 
F BS13(S)C3 * env 
F BSCB1(R)C9 * env 
MF C3-C9 * env 
Pooled Error 
''^XY + XYxe 
''^XY + XYxe 
''^XY + ^•^FMXYxe 
<^XY + ^'^FM XYxe 
'^XY + ^'^FM XYxe 
<^XY + ^'^FMXYxe 
'^XY + ^'^FM XYxe 
•^XY + ^°^FM XYxe 
^XY + ^•^FM XYxe 
•^XY + ^'^FM XYxe 
C^XY + ^<^FM XYxe 
'^XY + ^•^FM XYxe 
O^XY + ^'^FM XYxe 
'^XY + ^'^FM XYxe 
C^XY + ^''^FM XYxe 
'^XY + ^'^FM XYxe 
C^XY + ^'^FM XYxe 
'^XY + ^•^FM XYxe 
+ rmaHs xvxe 
+ BSSSCO XYxe 
+ BSCBICOXYxe 
+ ritlCTp BSSSCO XYxe 
+ rmCTp BSCBICO XYxe 
+ rmCJHS XYxe 
^ F BSSSC9 XYxe 
+ ^ f'^MBSCBlCPXYxe 
+ RMAP BSSSC9 XYxe 
+ rin(Tp BSCBIC9 XYxe 
+ rmCJHs XYxe 
BS13C3 XYxe 
BSCBlC9XYxe 
+ rmap BSJ3C3 XYxe 
+ rmap bscbic9 XYXC 
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and Y; 
a\x = additive genetic variance for trait X; 
~ additive genetic variance for trait Y; 
O'HSXY = half-sib pool covariance component for traits X 
and Y ; 
"•^Hsx = half-sib pool component of variation for trait X; 
and 
o'^HSY = half-sib pool component of variation for trait Y. 
(2) rp = dominance correlation: 
~ '^DXY/('^^DX • ~ "^MFXY/ ("^^MFX • '^^MFY)"^ I 
where 
<^DXY the dominance covariance between traits X and Y; 
- 'the dominance variance for trait X; 
a^DY ~ dominance variance for trait Y; 
CTMPXY ~ male by female covariance component for traits X 
and Y; 
~ male by female variance component for trait X; and 
"•^MFY male by female variance component for trait Y. 
(3) rg = genetic correlation: 
~ ^ OXY/C'^^gx • '^^GY)"^ ~ 
~ (^'^HSXY'^'^MFXY) / [ (2cr^HSX"^'^^MFx) (2<7^HSY''"'^^MFY) ] ' 
where 
"•QXY = "'^he genetic covariance between traits X and Y; 
= 
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the genetic variance for trait X; and 
the genetic variance for trait Y. 
(4) Tp = phenotypic correlation: 
r? = (t^GXY '^XY) / [ ('^^GY ~ 
~ (2(7HSXY"^'^MFXY'^°^XY) / [ ('^^HSX'^'^^MFX"''^^) Y"'"'^^MF ' 
where 
axY = the error covariance between traits X and Y; 
a\ = the error variance for trait X; and 
a\ = the error variance for trait Y. 
Genetic gain from reciprocal recurrent selection (RRS) 
Selection within the BSSS and BSCBl populations has 
followed a RRS selection system but with several modifications 
among cycles of selection (Fig 3). Expected genetic gain per 
cycle was estimated for three cross populations: BSSSCO x 
BSCBICO, BSSS(R)C9 X BSCBl(R)C9, and BS13(S)C3 x BSCBl(R)C9. 
The expected genetic gain for HS RRS is the improvement of the 
population cross (Hallauer and Miranda, 1988) and predicted 
gain (A G) was calculated as: 
^ GCYCLE = {C k (2/4 a\i) /[(a^re) + + (2/4)02^,2]''^} 
+ {c k (2/4 02^2)/[ (aVre) + (2/4)a2^2E/e + (2/4) a2^2i] ^ 
where 
the variance components are defined for the population 
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BSSSCO 
7 cycles of HS RS 
BS13(HT)C7 
1 





5 cycles of HS RRS 
SO plants and hand-harvested 
10 selections intermated 
BS13(S)C3 
1 
4 cycles of HS RRS 
S1 plants and nnachine 
harvested 





Heritability selection index 
Figure 3. Half-sib family (HS-RS) and S1-S2 (S1-S2 RS) 
recurrent selection conducted in BSSS and reciprocal 
recurrent selection (RRS) conducted in BSSS and 
BSCBl 
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cross and are calculated as shown in previous sections; 
c = parental control; 
k = standardized selection differential; 
r = number of replications per environment; and 
e = number of evaluation environments. 
The expected genetic gain for FS RRS was calculated as 
^ Gcycle= {c k (1/2) /{aVre + [ (1/2) (a\,E+CT^A2E) + 
(l/4)a2D,2E]/e + {l/2){a\,+a\-,) + (1/4) . 
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RESULTS 
The 1992 growing season was generally good with an 
average yield of 9.25 Mg/ha. The 1993 growing season was very 
poor and all environments suffered water damage. Excess 
rainfall, low temperature and high disease incidence caused 
lower than average yields (4.47 Mg/ha). The Ankeny93 
environment lost five of twenty sets as a consequence of 
excessive moisture during germination. The Atomic93 
environment was flooded twice and only grain yield and 
moisture were recorded. 
Descriptive statistics 
Trait means 
Trait means for individual environments are included in 
Table 5, and trait means across environments are included in 
Table 6. 
For grain yield, the Ankeny92 environment had the highest 
average yield for all three hybrid populations (7.95 Mg/ha for 
BSSSCO X BSCBICO, 11.04 Mg/ha for BSSS(R)C9 x BSCB1(R)C9, and 
10.68 Mg/ha for BS13(S)C3 x BSCB1(R)C9). The Atomic93 
environment which was flooded had the lowest average yield 
(2.61 Mg/ha for BSSSCO x BSCBICO, 4.70 Mg/ha for BSSS(R)C9 x 
BSCB1(R)C9, and 4.33 Mg/ha for BS13(S)C3 x BSCB1(R)C9). Yield 
differences between both years, 1992 and 1993, were expressed 
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Table 5. Trait means for BSSSCO x BSCBICO, BSSS(R)C9 x 
BSCB1(R)C9 and BS13(S)C3 x BSCB1(R)C9, standard 
errors (S.E.) and coefficients of variation (CV %) 
for 10 traits pooled over sets for individual 
environments 
BSSSCO BSSS(R)C9 BS13(S)C3 
Trait x x x S.E. CV(%) 







Ames92 7.02 9.59 9.23 0. 05 14.0 
Ankeny9 2 7.95 11.04 10. 68 0.04 9.8 
Ames93 2.90 6.21 4.98 0.03 15.5 
Ankeny93 3.61 5.66 5.26 0.04 19.6 
Atomic93 2.61 4.70 4 .33 0.03 19.1 
I moisture 
Ames92 18.12 19. 38 19.22 0.06 6.5 
Ankeny92 17.71 19.18 18.86 0.03 4.1 
Ames93 23.28 25.33 23.83 0.06 6.5 
Ankeny93 20.19 24.68 22 .30 0.10 10.1 
Atomic93 21.24 23.13 22 . 05 0.11 12.1 
lodging 
Ames92 2.10 0.25 1.07 0.08 184.4 
Ankeny92 1.78 0.25 0.75 0.07 202.6 
Ames93 1.50 0.83 1.48 0.11 225.7 
Ankeny93 0.43 0.24 0.43 0.06 341.8 
: lodging 
Ames92 26.28 9.41 14.87 0.38 56.6 
Ankeny92 10.78 2.11 4.62 0.21 88.9 
Ames93 24.89 10.52 16.28 0. 32 47.4 
Ankeny93 16.35 7.89 11.98 0. 34 61.8 
)ed ears 
Ames92 0.29 0.08 0.05 0.03 553.3 
Ankeny92 0.10 0.01 0.02 0.01 790.6 
Ames93 0.74 0.36 0.25 0.05 297.3 
Ankeny93 0.42 0.17 0.11 0.05 414.6 
69 
Table 5. Continued 
BSSSCO BSSS(R)C9 BS13(S)C3 
Trait X X x S.E. CV(%) 
BSCBICO BSCB1(R)C9 BSCB1<R)C9 
Plant height 
(cm) 
Ames92 229.08 236.20 232.56 0.29 3.2 
Ankeny92 247.50 252.41 248.93 0.27 2.7 
Ames93 226.77 234.08 231.08 0.23 2.5 
Ankeny93 222.27 231.87 224.82 0.61 5.9 
Ear height 
(cm) 
Ames92 107.30 104.61 106.55 0.21 4.9 
Ankeny92 126.29 123.35 124.33 0.27 5.5 
Ames93 113.59 111.95 115.69 0.23 5.1 
Ankeny93 109.93 111.10 110.18 0.50 9.8 
Days to mid-
anthesis (no.) 
Ames92 77.61 77.30 78.19 0.04 1.2 
Ames93 87.44 87.11 87.82 0.04 1.1 
Days to mid-silk 
emergence (no.) 
Ames92 80.00 78.38 79.72 0.04 1.3 
Ames93 90.04 88.18 89.44 0.04 1.3 
Tassel branches 
(no.) 
Ames92 14.81 13.77 12.54 0.09 8.0 
Ankeny92 13.83 13.25 12.52 0.09 7.8 
Ames93 15.83 14.69 14.06 0.10 8.0 
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Table 6. Trait means for BSSSCO x BSCBICO, BSSS(R)C9 x 
BSCB1(R)C9, and BS13(S)C3 X BSCB1(R)C9, standard 
errors (S.E.)/ and coefficients of variation (CV %) 




















4.88 7.54 6.97 0 .02 14. 5 
Grain moisture 
(%) 
20.10 22.21 21.20 0 .34 8. 8 
Root lodging 
(%) 
1.52 0. 40 0.97 0 . 04 224. 6 
Stalk lodging 
(%) 
19.79 7.45 11.95 0 . 16 59. 0 
Dropped ears 
(%) 
0.38 0.15 0.11 0 . 02 421. 5 
Plant height 
(cm) 
232.00 239.10 234.87 0 .17 3 . 6 
Ear height 
(cm) 
114.75 112.86 114.45 0 . 15 6. 3 
Days to mid-
anthesis 
82.52 82.20 83.01 0 .03 1. 2 
Days to mid-silk 
emergence 
84.93 83 .26 84.57 0 . 03 1. 3 
Tassel branches 14.83 13.91 13 . 04 0 . 06 8. 0 
'Yield and moisture evaluated at 5 environments, root 
lodging, stalk lodging, dropped ears, plant height and ear 
height evaluated at 4 environments, days to mid-anthesis and 
days to mid-silk emergence evaluated at 2 environments, and 
tassel branches evaluated at 3 environments and 4 sets. 
''The standard error of the mean for each population was 
considered the same for all three because the error (pooled 
error) and the number of entries per mean were the same. 
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in all cross populations: for BSSSCO x BSCBICO 7.49 Mg/ha in 
1992 vs 3.04 Mg/ha in 1993, for BSSS(R)C9 x BSCB1(R)C9 10.32 
Mg/ha in 1992 vs 5.52 Mg/ha in 1993, and for BS13(S)C3 x 
BSCB1(R)C9 9.96 Mg/ha in 1992 vs 4.86 Mg/ha in 1993. The 
coefficient of variation was 14.5% and ranged from 9.8% 
(Ankeny92) to 19.6% (Ankeny93). Across environments, the 
average grain yield increased from 4.88 Mg/ha for BSSSCO x 
BSCBICO to 7.54 Mg/ha for BSSS(R)C9 x BSCB1(R)C9 and to 6.97 
Mg/ha for BS13(S)C3 x BSCB1(R)C9. Response to selection was 
2.66 Mg/ha for BSSS(R)C9 x BSCB1(R)C9 (6.06% per cycle) and 
2.09 Mg/ha for BS13(S)C3 x BSCB1(R)C9 (4.75% per cycle). 
For grain moisture, the Ames93 environment had the 
highest mean in all populations (23.3% for BSSSCO x BSCBICO, 
25.3% for BSSS(R)C9 X BSCB1(R)C9, and 23.8% for BS13(S)C3 x 
BSCB1(R)C9). The Ankeny92 environment had the lowest means 
(17.7% for BSSSCO X BSCBICO, 19.2% for BSSS(R)C9 x BSCB1(R)C9, 
and 18.9% for BS13(S)C3 x BSCB1(R)C9). There were differences 
between 1992 and 1993 in all populations (17.9% in 1992 vs 
21.6% in 1993 for BSSSCO X BSCBICO, 19.3% in 1992 vs 24.4% in 
1993 for BSSS(R)C9 X BSCB1(R)C9, and 19.0% in 1992 vs 22.7% in 
1993 for BS13(S)C3 x BSCB1(R)C9). The coefficient of variation 
was 8.8% and ranged from 4.1% (Ankeny92) to 12.1% (Atomic93). 
Across environments, grain moisture increased from 20.1% for 
BSSSCO X BSCBICO to 22.2% for BSSS(R)C9 X BSCB1(R)C9 (2.1%) 
and 21.2% for BS13(S)C3 x BSCB1(R)C9 (1.1%). 
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Root lodging and dropped ears had poor expression in all 
environments. Root lodging was between 0.2% for BSSS(R)C9 x 
BSCB1(R)C9 (Ames92 and Ankeny92) and 2.1% for BSSSCO x BSCBICO 
(Ames92). The coefficient of variation was 224.6% and ranged 
from 184.4% (Ames92) to 341.8% (Ankeny93). Root lodging % 
decreased from 1.5% for BSSSCO x BSCBICO to 0.4% for BSSS(R)C9 
X BSCB1(R)C9 and 1% for BS13(S)C3 x BSCB1(R)C9. 
For dropped ears, the Ames93 environment had the greatest 
percentage (0.45%). Percentage of dropped ears was 0.2% in 
1992 and 0.3% in 1993. Because there was a small percentage of 
dropped ears, the coefficient of variation was 421.5% and 
ranged from 297.3% (Ames93) to 790.6% (Ankeny92). Average 
percentage of dropped ears across environments decreased with 
selection from 0.4% for BSSSCO x BSCBICO to 0.2% for BSSS(R)C9 
X BSCB1(R)C9 (0.23%) and to 0.1% for BS13(S)C3 X BSCBl(R)C9 
(0.27%). 
For stalk lodging, the coefficient of variation was 59.0% 
and ranged from 47.4% (Ames93) to 88.9% (Ankeny92). Stalk 
lodging in 1992 was lower than in 1993 for all three hybrid 
populations (18.5% in 1992 vs 20.6% in 1993 for BSSSCO x 
BSCBICO, 5.8% in 1992 vs 9.2% in 1993 for BSSS(R)C9 X 
BSCBl(R)C9, and 9.8% in 1992 VS 14.1% in 1993 for BS13(S)C3 X 
BSCBl(R)C9). Across environments, stalk lodging decreased from 
19.8% for BSSSCO X BSCBICO to 7.4% for BSSS(R)C9 X BSCBl(R)C9 
and to 12.0% for BS13(S)C3 x BSCBl(R)C9. Percentage of stalk 
73 
lodging decreased 1.4% per cycle for BSSS(R)C^ x BSCB1(R)C^, 
which is close to those reported by Keeratinijakal and Lamkey 
(1993) (1.5%), and by Schniker and Lamkey (1993) (1.5%). 
Individual environment means for plant height ranged from 
222.3 cm (BSSSCO x BSCBICO in Ankeny93) to 252.4 cm (BSSS(R)C9 
X BSCB1(R)C9 in Ankeny92). Plant height increased with 
selection from 232.0 cm for BSSSCO x BSCBICO to 239.1 cm for 
BSSS(R)C9 X BSCB1(R)C9 and 234.9 cm for BS13(S)C3 x 
BSCB1(R)C9. Plant height increased 7.1 cm (0.79 cm per cycle) 
and 2.9 cm (0.32 cm per cycle) respectively. Keeratinijakal 
and Lamkey (1993) reported an increase of 1.3 cm per cycle for 
BSSS(R)C^ X BSCB1(R)C^, and Schnicker and Lamkey (1993) of 0.6 
cm per cycle. 
Ear height for each environment was between 104.6 cm 
(BSSS(R)C9 X BSCB1(R)C9 in Ames92) and 126.3 cm (BSSSCO x 
BSCBICO in Ankeny92). Ear height average decreased from 114.8 
cm for BSSSCO X BSCBICO to 112.9 cm for BSSS(R)C9 x BSCB1(R)C9 
and 114.4 cm for BS13(S)C3 x BSCB1(R)C9. The decrease of 1.9 
cm (0.21 cm per cycle) for BSSS(R)C9 x BSCB1(R)C9 is greater 
than the observed by Keeratinijakal and Lamkey (1993) (0.18 
cm/cycle), and Schnicker and Lamkey (1993) (0.09 cm per 
cycle). 
Days to mid-anthesis and to mid-silk emergence estimates 
showed a difference of 10 days between 1992 and 1993 
experimental years. Days to mid-anthesis decreased from 82.5 
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days for BSSSCO x BSCBICO to 82.2 days for BSSS(R)C9 x 
BSCB1(R)C9 and increased to 83.0 days for BS13(S)C3 x 
BSCB1(R)C9. Days to mid-silk emergence decreased from 84.9 
days for BSSSCO x BSCBICO to 83.3 days for BSSS(R)C9 x 
BSCB1(R)C9 and 84.6 days for BS13(S)C3 x BSCB1(R)C9. The 1.7 
days decrease for BSSS(R)Ci x BSCBl(R)Cj indicates a rate of -
0.19 days per cycle which is similar to those estimated by 
Keeratinijakal and Lamkey (1993) (-0.24 days per cycle) and 
Schnicker and Lamkey (1993) (-0.19 days per cycle). 
Tassel branch number decreased with selection from 14.8 
for BSSSCO X BSCBICO to 13.9 for BSSS(R)C9 x BSCB1(R)C9 and 
13.0 for BS13(S)C3 x BSCB1(R)C9. The rate of decrease per 
cycle is -O.IO and -0.20 respectively. The coefficient of 
variation was 8.0%. 
Frequency distributions 
Grain yield distribution remained normal for BSSS(R)C9 x 
BSCB1(R)C9, but distribution was not normal for BS13(S)C3 x 
BSCB1(R)C9 (Fig. 4). In both cases, longer tails than would be 
expected under normality were observed and elongated lower 
tails ocurred with selection (Table 7) . 
Grain moisture distributions were not normal after 
selection (Fig. 5). BSSS(R)C9 x BSCB1(R)C9 population had a 
left elongated tail and BS13(S)C3 x BSCBl(R)C9 population a 
right elongated tail. All three hybrid populations had a flat-
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Table 7. Shapiro-Wilk (V7) test of normality and estimates of 
skewness and kurtosis for the frequency distribution 
of 10 traits averaged across environments in three 
hybrid populations 
Trait Population W Skewness Kurtosis 
Grain yield BSSSCO X BSCBICO 0. 98 0. 06 -0. 32 
(Mg/ha) BSSS(R)C9 X BSCBl R)C9 0. 98 -0. 44 0. 69 
BS13(S)C3 X BSCBl R)C9 0. 97** -0. 84 2 . 30 
Grain BSSSCO X BSCBICO 0. 98 0. 24 -0. 03 
moisture(%) BSSS(R)C9 X BSCBl R)C9 0. 97** -0. 31 -0. 19 
BS13(S)C3 X BSCBl R)C9 0. 97** 0. 15 -0. 21 
Root BSSSCO X BSCBICO 0. 71** 2 . 55 7 . 94 
lodging(%) BSSS(R)C9 X BSCBl R) C9 0. 51** 4. 86 31. 29 
BS13(S)C3 X BSCBl R) C9 0. 72** 2. 31 6. 52 
Stalk BSSSCO X BSCBICO 0. 93** 0. 78 0. 28 
lodging(%) BSSS(R)C9 X BSCBl R)C9 0. 85** 1. 87 5. 40 
BS13(S)C3 X BSCBl R)C9 0. 93** 1. 11 1. 84 
Dropped BSSSCO X BSCBICO 0. 62** 3. 16 12. 75 
ears (%) BSSS(R)C9 X BSCBl R)C9 0. 60** 3. 19 15. 16 
BS13(S)C3 X BSCBl R)C9 0. 52** 3. 37 14. 74 
Plant BSSSCO X BSCBICO 0. 98 -0. 13 -0. 19 
height(cm) BSSS(R)C9 X BSCBl R)C9 0. 96** -0. 56 0. 20 
BS13(S)C3 X BSCBl R)C9 0. 98 -0. 21 -0. 27 
Ear BSSSCO X BSCBICO 0. 98 0. 15 -0. 06 
height(cm) BSSS(R)C9 X BSCBl R) C9 0. 97* -0. 25 -0. 32 
BS13(S)C3 X BSCBl R)C9 0. 98 -0. 01 -0. 28 
Days to BSSSCO X BSCBICO 0. 97** -0. 02 -0. 37 
anthesis BSSS(R)C9 X BSCBl R) C9 0. 99 0. 13 0. 68 
(no.) BS13(S)C3 X BSCBl R) C9 0. 98 0. 04 0. 02 
Days to BSSSCO X BSCBICO 0. 98* -0. 14 -0. 40 
silking BSSS(R)C9 X BSCBl R)C9 0, 98 0. 40 0. 53 
(no.) BS13(S)C3 X BSCBl R)C9 0. 99 -0. 02 -0. 07 
Tassel BSSSCO X BSCBICO 0. 97 -0. 43 -0. 25 
branches BSSS(R)C9 X BSCBl R)C9 0. 98 -0. 12 -0. 51 
(no.) BS13(S)C3 X BSCBl R)C9 0. 96 0. 62 0. 57 
*,**Significant at the .05 and .01 probability levels, 
respectively. 
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YIELD BSSSCO X BSCB 1 CO 
S" 
2.5 3 3.S 4 4.S S S.S 6 S.S T T'.S e B.S 3 9.S 1S 16 
Mg/ha  
VIELD BSSS(R)09 X BSCB1(R)09 
2.5 3 3.5 <4 <4.5 5 5.5 6 6.5 7 7.5 6 6.5 9 9.5 
Mg/ha 
YIELD BS13(S)03 X BSCB1 (R)09 
2.5 3 3.5 ^ ^.5 5 5.5 6 6.5 7 7.5 6 3.5 9 9.5 
Mg/tna 
Figure 4. Frequency distributions for three hybrid populations 
for grain yield averaged across five environments 
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MOISTURE BSSSCO X BSCB1 CO 
MOISTURE BSSS<R)C9 X BSCB1(R)C9 
13 14.S 16 17.S 19 20.S 22 23.S 2S 26.S 28 29.S 
% 




13 1-^.5 16 17.5 19 20.5 22 23.5 25 26.5 2S 29.5 
Figure 5. Frequency distributions for three hybrid populations 
for grain moisture averaged across five environments 
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topped characteristic. 
Root lodging, dropped ears, and stalk lodging 
distributions were not normal for all populations and showed 
an elongated upper tail (Table 7 and Fig. 6). 
Plant height (Fig. 7) and ear height (Fig. 8) 
distributions were not normal after selection for BSSS(R)C9 x 
BSCB1(R)C9 and remained normal for BS13(S)C3 x BSCB1(R)C9. 
Basically, they had an elongated lower tail and a flat-topped 
characteristic. 
Days to mid-anthesis (Fig. 9) and days to mid-silking 
(Fig. 10) distributions were not normal for the original cross 
population. They were normal after selection. 
Tassel branch number distribution was normal for all 
populations (Fig. 11). The BSSSCO x BSCBICO and BSSS(R)C9 x 
BSCB1(R)C9 populations showed flat-topped characteristics and 
lower elongated tails. The BS13(S)C3 x BSCB1(R)C9 population 
had an upper elongated tail. 
All of the former frequency distributions were based on 
the averages across environments for each full-sib family and 
trait. When the average for each individual environment is 
used, frequency distributions of some traits, such as yield 
(Fig. 12), days to mid-anthesis (Fig. 13) and days to mid-
silking (Fig. 14), showed a bimodal distribution as a 
consequence of the differences between 1992 and 1993 growing 
seasons. 
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Figure 6. Frequency distributions for three hybrid populations 
for stalk lodging averaged across four environments 
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Figure 7. Frequency distributions for three hybrid populations 
for plant height averaged across four environments 
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Figure 8. Frequency distributions for three hybrid populations 
for ear height averaged across four environments 
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Figure 9. Frequency distributions for three hybrid populations 
for anthesis averaged across two environments 
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Figure 10. Frequency distributions for three hybrid 
populations for silking date averaged across two 
environments 
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Figure 11. Frequency distributions for three hybrid 
populations for tassel branches number averaged 
across three environments 
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Figure 12. Frequency distributions for three hybrid 
populations for grain yield averaged for each 
environment 
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Figure 13. Frequency distributions for three hybrid 
populations for anthesis averaged for each 
environment 
87 
DAVS TO SILK BSSSCO X BSCB1CO 
1 oo 
TO 72 7A 76 78 80 82 84 86 88 90 92 94 96 98 
Days 
DAYS TO SILK BSSS(R)C9 X BSCB1 (R)C9 
70 72 7<4 76 78 80 82 84 86 88 90 92 94 96 98 
Deiys 
DAYS XO SILK BS13(S)C3 X BSCB1(R)C9 
70 72 7-4 7e 78 SO 02 SA ae aa so &z aa ae ae 
Days 
Figure 14. Frequency distributions for three hybrid 
populations for silking date averaged for each 
environment 
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Interpopulation genetic variance components 
Grain yield 
Variance component estimates for yield were significant 
and positive. Their magnitudes were greater than three times 
their standard errors (Table 8). Additive genetic variance 
component estimates for BSSSCO x BSCBICO 0.09 and 
0^2=0*13) were smaller than their interaction with 
environments {a'^^i^=0.16 and a^A2E=0*23). Additive variance 
components for the improved cross populations (BSSS(R)C9 x 
BSCB1(R)C9 and BS13(S)C3 x BSCB1(R)C9) were greater than their 
interaction with environments. Estimates of the dominance 
component were smaller than their interaction with environment 
for all three hybrid populations. Schnicker and Lamkey (1993) 
reported the opposite: the nonselected cross population 
(BSSSCO X BSCBICO) showed a greater genetic variance (0.34) 
than its interaction with environment (0.23) and the selected 
cross population (BSSS(R)Cll x BSCBl(R)Cll) a smaller genetic 
variance (0.23) than its interaction with environment (0.32). 
Hallauer (1970) found a greater additive genetic variance 
component than its interaction with environment for both, 
unselected (CO x CO) and selected (C4 x C4) cross populations. 
The estimates of total interpopulation additive genetic 
variance components (Table 9) , + 0^2/ were larger than 
dominance variance components for all populations and 
increased with selection from 0.22 for BSSSCO x BSCBICO to 
Table 8. Estimates of interpopulation components of additive 
genetic and dominance variances and their 
interactions with environments 
Trait Population 
Grain yield BSSSCOXBSCBICO 0. 09 + 0. 03 0. 13 + 0. 04 
(Mg/ha) BSSS(R)C9xBSCBl R C9 0. 15 + 0. 04 0. 12 + 0. 04 
BS13(S)C3XBSCB1 R C9 0. 17 + 0. 05 0. 19 + 0. 05 
Grain BSSSCOXBSCBICO 1. 05 + 0. 25 1. 49 + 0. 32 
moisture (%) BSSS(R)C9xBSCBl R C9 1. 56 + 0. 34 0. 98 + 0. 22 
BS13(S)C3xBSCBl R C9 1. 06 + 0. 24 1. 34 + 0. 29 
Root BSSSCOXBSCBICO 0. 69 + 0. 27 1. 18 + 0. 38 
lodging (%) BSSS(R)C9XBSCB1 R C9 0. 08 + 0. 06 0. 04 + 0. 05 
BS13(S)C3XBSCB1 R C9 0. 48 + 0. 14 0. 41 + 0. 13 
Stalk BSSSCOXBSCBICO 29, 97 + 8. 32 44. 71 ±10. 50 
lodging (%) BSSS(R)C9XBSCB1 R C9 11. 24 + 2 . 61 5. 69 + 1. 71 
BS13(S)C3XBSCB1 R C9 20. 60 + 5. 15 10. 79 + 3 . 50 
Dropped BSSSCOXBSCBICO 0. 07 + 0. 03 0. 06 + 0. 03 
ears (%) BSSS(R)C9xBSCBl R C9 ^ a -- -- -— 
BS13(S)C3xBSCBl R C9 — — — • 
Plant BSSSCOXBSCBICO 38. 28 + 8. 41 57. 04 ±11. 75 
height (cm) BSSS(R)C9xBSCBl R C9 70. 72 ±13 . 83 47. 11 + 9. 56 
BS13(S)C3XBSCB1 R C9 52. 66 ±10. 76 42. 36 + 8. 78 
Ear BSSSCOXBSCBICO 26. 73 + 5. 99 56. 54 ±11. 39 
height (cm) BSSS(R)C9xBSCBl R C9 53. 39 ±10. 62 48. 03 + 9. 74 
BS13(S)C3XBSCB1 R C9 37. 00 + 7. 44 36. 77 + 7. 36 
Days to BSSSCOXBSCBICO 0. 98 + 0. 23 0. 90 + 0. 22 
anthesis BSSS(R)C9xBSCBl R C9 1. 20 + 0. 24 1. 14 + 0. 23 
(no.) BS13(S)C3XBSCB1 R C9 0. 50 + 0. 12 0. 75 + 0. 18 
Days to BSSSCOXBSCBICO 1. 46 + 0. 35 1. 45 + 0. 33 
silking BSSS(R)C9xBSCBl R C9 1. 38 + 0. 29 1. 53 + 0. 31 
(no.) BS13(S)C3XBSCB1 R C9 0. 74 + 0. 18 1. 34 + 0. 31 
Tassel BSSSCOXBSCBICO 3. 58 + 1. 48 1. 61 + 0. 75 
branches BSSS(R)C9xBSCBl R C9 2. 71 + 1. 10 3 . 99 + 1. 61 
(no.) BS13(S)C3XBSCB1 R C9 2. 36 + 0. 92 1. 42 + 0. 57 
* Design variance components were not significantly different 
from the MSE. Estimates were zero or negatives. 
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Table 9. Estimates of the total additive genetic variance 
component, their interactions with environments, and 
the ratio between the parental population additive 
genetic variance components in the cross population 
Trait Population (^^Ain 
Grain yield BSSSCO X BSCBICO 0. 22 0. 39 0. 69 
(Mg/ha) BSSS(R)C9 X BSCB1(R)C9 0. 27 0. 20 1. 25 
BS13{S)C3 X BSCB1(R)C9 0. 36 0. 27 0. 89 
Grain BSSSCO X BSCBICO 2. 54 1. 07 0. 70 
moisture(%) BSSS(R)C9 X BSCB1(R)C9 2. 54 1. 16 1. 59 
BS13(S)C3 X BSCB1(R)C9 2. 40 0. 84 0. 79 
Root BSSSCO X BSCBICO 1. 87 2. 00 0. 58 
lodging(%) BSSS(R)C9 X BSCB1(R)C9 -- --
BS13(S)C3 X BSCB1(R)C9 0. 89 0. 54 1. 17 
Stalk BSSSCO X BSCBICO 74. 68 33 . 67 0. 67 
lodging(%) BSSS(R)C9 X BSCB1(R)C9 16. 93 4. 54 1. 98 
BS13(S)C3 X BSCB1(R)C9 31. 39 26. 64 4. 00 
Dropped BSSSCO X BSCBICO 0. 13 • —  1. 17 
ears (%) BSSS(R)C9 X BSCB1(R)C9 •- — — 
BS13(S)C3 X BSCB1(R)C9 — • —  — 
Plant BSSSCO X BSCBICO 95. 32 13. 35 0. 67 
height(cm) BSSS(R)C9 X BSCB1(R)C9 117. 83 10. 14 1. 50 
BS13(S)C3 X BSCB1(R)C9 95. 02 11. 81 1. 24 
Ear BSSSCO X BSCBICO 83 . 27 12. 44 0. 47 
height(cm) BSSS(R)C9 X BSCB1(R)C9 101. 42 9. 73 1. 11 
BS13(S)C3 X BSCB1(R)C9 73 . 77 8. 24 1. 01 
Days to BSSSCO X BSCBICO 1. 88 0. 53 1. 09 
anthesis BSSS(R)C9 X BSCB1(R)C9 2. 34 0. 17 1. 05 
(no.) BS13(S)C3 X BSCB1(R)C9 1. 25 0. 34 0. 67 
Days to BSSSCO X BSCBICO 2. 91 0. 80 1. 01 
silking BSSS(R)C9 X BSCB1(R)C9 2 . 91 0. 36 0. 90 
(no.) BS13(S)C3 X BSCB1(R)C9 2. 08 0. 62 0. 55 
Tassel BSSSCO X BSCBICO 5. 19 0. 19 2. 22 
branches BSSS(R)C9 X BSCB1(R)C9 6. 70 0. 71 0. 68 
(no.) BS13(S)C3 X BSCB1(R)C9 3. 78 0. 15 1. 66 
® Estimates were negative. 
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0.27 for BSSS(R)C9 X BSCBl(R)C9 and to 0.36 for BS13(S)C3 X 
BSCB1(R)C9 (Table 9). Their interactions with environment, 
however, decreased from 0.39 for BSSSCO x BSCBICO to 0.20 for 
BSSS(R)C9 X BSCBl(R)C9 and to 0.27 for BS13(S)C3 X BSCBl(R)C9. 
Dominance variance component were similar for BSSSCO x BSCBICO 
(0.12), for BSSS(R)C9 X BSCB1(R)C9 (0.10) and for BS13(S)C3 x 
BSCB1(R)C9 (0.13)(Table 8). 
Comparisons of the parental population additive genetic 
variance components, and showed that the BSSS 
contribution to the total interpopulation additive variance 
increased with selection (from 0.09 for BSSSCO x BSCBICO to 
0.15 for BSSS(R)C9 X BSCB1(R)C9), and, consequently, the 
ratio increased from 0.69 to 1.25. The BSCBl 
contribution remained similar during selection. It seems that 
the BSSS additive contribution to the population cross is 
greater than the BSCBl additive contribution after nine cycles 
of reciprocal recurrent selection. For the BS13(S)C3 x 
BSCBl(R)C9 population, the contribution from both parental 
populations were similar, and the ratio was 0.89. 
The ratio between the dominance and the total additive 
genetic variance components decreased with selection from 0.55 
for BSSSCO X BSCBICO to 0.37 for BSSS(R)C9 X BSCBl(R)C9 and 
0.36 for BS13(S)C3 X BSCB1(R)C9 (Table 10). The level of 
dominance also decreased from 1.04 for BSSSCO x BSCBICO to 
0.88 for BSSS(R)C9 X BSCB1(R)C9 and 0.85 for BS13(S)C3 X 
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Table 10. Estimates of the level of dominance (d) and the 
ratio between the dominance and the total additive 
genetic variance components 
Trait Population d 
"*• Kl) 
Grain yield BSSSCOXBSCBICO 1. 04 0.55 
(Mg/ha) BSSS(R)C9XBSCB1 R)C9 0.88 0.37 
BS13(S)C3XBSCB1 R)C9 0.85 0.36 
Grain BSSSCOXBSCBICO 0.51 0.13 
moisture (%) BSSS(R)C9xBSCBl R)C9 0.40 0. 08 
BS13(S)C3XBSCB1 R) C9 0.40 0. 08 
Root BSSSCOXBSCBICO 1.02 0.52 
lodging (%) BSSS(R)C9xBSCBl R)C9 — 
BS13(S)C3XBSCB1 R)C9 0.52 0.13 
Stalk BSSSCOXBSCBICO 0.75 0.28 
lodging (%) BSSS(R)C9XBSCB1 R)C9 0.55 0.15 
BS13(S)C3xBSCBl R) C9 0.72 0.26 
Dropped BSSSCOXBSCBICO 1.15 0.67 
ears (%) BSSS(R)C9xBSCBl R)C9 — — 
BS13(S)C3XBSCB1 R)C9 — —  — 
Plant BSSSCOXBSCBICO 0.57 0.16 
height (cm) BSSS(R)C9XBSCB1 R) C9 0.39 0.08 
BS13(S)C3xBSCBl R)C9 0.42 0.09 
Ear BSSSCOXBSCBICO 0.52 0.14 
height (cm) BSSS(R)C9xBSCBl R)C9 0.39 0.08 
BS13(S)C3XBSCB1 R)C9 0.35 0. 06 
Days to BSSSCOXBSCBICO 0.56 0.15 
anthesis BSSS(R)C9XBSCB1 R)C9 0.09 0.04 
(no.) BS13(S)C3xBSCBl R)C9 0.58 0.27 
Days to BSSSCOXBSCBICO 0.56 0.14 
silking BSSS(R)C9xBSCBl R)C9 0.34 0.06 
(no.) BS13(S)C3XBSCB1 R)C9 0.45 0.10 
Tassel BSSSCOXBSCBICO 0.56 0.16 
branches BSSS(R)C9XBSCB1 R)C9 0.24 0.03 
(no.) BS13(S)C3XBSCB1 R)C9 0.10 0.01 





Additive genetic variance components were greater than 
their interaction with environments. Dominance variance 
components were smaller than their interaction with 
environments (Table 8). 
The total interpopulation additive variance components 
(2.54 for BSSSCO X BSCBICO, 2.54 for BSSS(R)C9 X BSCB1(R)C9, 
and 2.40 for BS13(S)C3 x BSCB1(R)C9) were larger than the 
dominance variance components and remained similar after 
selection (Table 9). Dominance variance decreased with 
selection (from 0.33 for BSSSCO x BSCBICO to 0.20 for 
BSSS(R)C9 X BSCB1(R)C9 and to 0.19 for BS13(S)C3 x 
BSCB1(R)C9). Schnicker and Lamkey (1993) reported a decrease 
in genetic variance for grain moisture from 0.73 (CO X CO) to 
0.60 (Cll X Cll). 
The BSSS contribution to the interpopulation additive 
variance increased with selection from 1.05 for BSSSCO x 
BSCBICO to 1.56 for BSSS(R)C9 x BSCB1(R)C9. The ratio 
increased from 0.70 for BSSSCO x BSCBICO to 1.59 for BSSS(R)C9 
x BSCB1(R)C9. For BS13(S)C3 X BSCB1(R)C9, the contribution 
from BSCBl (1.34) was greater than the contribution from BSSS 
(1.06) and the ratio was 0.79 (Table 9). The ratio 
between dominance and additive genetic variance components 
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decreased from 0.13 to 0.08 and the level of dominance from 
0.51 to 0.40 (Table 10). 
Root and stalk lodging 
All the genetic variance components and their 
interactions with environment decreased with selection for 
percentages of root and stalk lodging (Table 8). 
For root lodging, the total additive genetic variance 
decreased from 1.87 for BSSSCO x BSCBICO to 0.12 for BSSS(R)C9 
X BSCB1(R)C9 and to 0.89 for BS13(S)C3 x BSCB1(R)C9 (Table 9). 
Dominance variance decreased from 2.00 for BSSSCO x BSCBICO to 
0.54 for BS13(S)C3 x BSCB1(R)C9. The relative contribution of 
BSSS in the total BS13(S)C3 x BSCB1(R)C9 additive variance was 
greater than for BSCBl (a^A,/a\2=l• ) (Table 9). The ratio 
between dominance and additive variance components decreased 
from 0.52 for BSSSCO x BSCBICO to 0.13 for BS13(S)C3 x 
BSCBl(R)C9 and the level of dominance from 1.02 to 0.52 (Table 
10) . 
For stalk lodging, additive genetic variance component 
decreased from 74.68 for BSSSCO x BSCBICO to 16.93 for 
BSSS(R)C9 x BSCB1(R)C9 and to 31.39 for BS13(S)C3 x BSCB1(R)C9 
(Table 9). Reciprocal recurrent selection reduced more the 
additive genetic variance of the cross population. The same 
trend ocurred with the dominance variance, which was reduced 
from 33.67 for BSSSCO X BSCBICO to 3.54 for BSSS(R)C9 x 
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BSCB1(R)C9 and to 26.64 for BS13(S)C3 x BSCB1(R)C9. The BSSS 
contribution in the additive genetic variance increased with 
selection and became greater than the BSCBl contribution 
i^atio was 0.67 for BSSSCO x BSCBICO, 1.98 for 
BSSS(R)C9 X BSCBl(R)C9 and 4.00 for BS13(S)C3 X 
BSCBl(R)C9)(Table 9). The ratio between dominance and additive 
genetic variance decreased from 0.28 for BSSSCO x BSCBICO to 
0.15 for BSSS(R)C9 X BSCBl(R)C9 and to 0.26 for BS13(S)C3 x 
BSCBl(R)C9 (Table 10). 
Plant and ear height 
Additive genetic variance components were larger than 
their interactions with environments and the dominance 
variance components for these two traits (Table 8). 
The total additive genetic variance for plant height 
increased with selection from 95.32 for BSSSCO x BSCBICO to 
117.83 for BSSS(R)C9 X BSCBl(R)C9 and remained similar to 
BSSSCO X BSCBICO for BS13(S)C3 X BSCBl(R)C9 (95.02). The BSSS 
additive contribution increased and became greater than the 
BSCBl contribution. The ratio increased from 0.67 for 
BSSSCO X BSCBICO to 1.50 for BSSS(R)C9 X BSCBl(R)C9 and 1.24 
for BS13(S)C3 X BSCBl(R)C9 (Table 9). 
For ear height, the total additive variance increased 
from 83.27 for BSSSCO x BSCBICO to 101.42 for BSSS(R)C9 X 
BSCBl(R)C9 and decreased to 73.77 for BS13(S)C3 x BSCBl(R)C9. 
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The BSSS additive contribution was smaller than the BSCBl 
contribution for BSSSCO x BSCBICO (CT\,/a^^2~0 • ^ "7) but became 
greater after selection ( 1.11 for BSSS(R)C9 x 
BSCB1(R)C9 and a\,/CT\2=l-01 for BS13(S)C3 X BSCBl(R)C9)(Table 
9) . 
The dominance variance and its ratio with the additive 
genetic variance decreased in both selected populations for 
plant and ear height (Table 10). In the study conducted by 
Schnicker and Lamkey (1993), the genetic variance decreased 
for plant height (130.5 for CO x CO to 78.3 for Cll x Cll) and 
ear height (102.6 for CO x CO to 82.0 for Cll x Cll). 
Days to anthesis and days to silking 
Additive genetic variance components were greater than 
dominance variance components and their interactions with 
environments for days to flowering. 
For days to anthesis the interpopulation additive genetic 
variance increased from 1.88 for BSSSCO x BSCBICO to 2.34 for 
BSSS(R)C9 X BSCBl(R)C9 and decreased to 1.25 for BS13(S)C3 x 
BSCBl(R)C9. For days to silking the additive genetic variance 
remained the same for BSSS(R)C9 x BSCB1(R)C9 (2.91) and 
decreased to 2.08 for BS13(S)C3 x BSCB1(R)C9 (Table 9). The 
relative additive contribution of BSCBl increased with 
selection for both traits. The dominance variance and its 
ratio with the additive genetic variance decreased except for 
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days to anthesis in BS13(S)C3 x BSCB1(R)C9 population (Table 
10) . 
Schnicker and Lamkey (1993) found a decrease of genetic 
variance for both traits: from 3.15 for CO x CO to 1.25 for 
Cll x Cll in days to anthesis, and from 4.62 for CO x CO to 
2.06 for Cll X Cll. 
Tassel branches 
The total additive genetic variance for tassel branch 
number increased from 5.19 for BSSSCO x BSCBICO to 6.70 for 
BSSS(R)C9 X BSCB1(R)C9 and decreased to 3.78 for BS13(S)C3 x 
BSCB1(R)C9. The relative additive contribution of BSCBl 
increased with selection BSSSCO x BSCBICO, 
0.68 for BSSS(R)C9 X BSCBl(R)C9, and 1.66 for BS13(S)C3 x 
BSCBl(R)C9). The dominance variance and its ratio with the 
additive variance decreased with selection. 
Heritabilities 
Heritability estimates based on Design II half-sib 
progenies are presented in Table 11. Confidence limits were 
calculated for all estimates using procedures described by 
Knapp and Bridges (1987). Heritability estimates for grain 
yield ranged from 0.51 to 0.65. Recurrent selection increased 
grain yield heritability from 0.51 for BSSSCO x BSCBICO to 
0.63 for BSSS(R)C9 X BSCBl(R)C9 and to 0.65 for BS13(S)C3 x 
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Table 11. Heritability estimates (h^) on a progeny-mean basis 
combined across environments for three cross 
populations and their lower and upper 95% 
confidence limits 
Lower Upper 
Trait Population h^ bound bound 
Grain yield BSSSCOxBSCBlCO 0. 51 0. 34 0. 64 
(Mg/ha) BSSS(R)C9xBSCBl R)C9 0. 63 0. 53 0. 75 
BS13(S)C3XBSCB1 R) C9 0. 65 0. 52 0. 74 
Grain BSSSCOxBSCBlCO 0. 80 0. 73 0. 85 
moisture (%) BSSS(R)C9xBSCBl R)C9 0. 82 0. 77 0. 87 
BS13(S)C3XBSCB1 R) C9 0. 83 0. 77 0. 87 
Root BSSSCOxBSCBlCO 0. 54 0. 37 0. 66 
lodging (%) BSSS(R)C9xBSCBl R) C9 0. 34 0. 00 0. 50 
BS13(S)C3xBSCBl R) C9 0. 60 0. 44 0. 72 
Stalk BSSSCOxBSCBlCO 0. 72 0. 62 0. 80 
lodging (%) BSSS(R)C9xBSCBl R) C9 0. 72 0. 60 0. 80 
BS13(S)C3xBSCBl R)C9 0. 66 0. 54 0. 76 
Dropped BSSSCOxBSCBlCO 0. 43 0. 21 0. 63 
ears (%) BSSS(R)C9XBSCB1 R) C9 a — — 
BS13(S)C3xBSCBl R)C9 — — — 
Plant BSSSCOxBSCBlCO 0. 85 0. 80 0. 89 
height (cm) BSSS(R)C9xBSCBl R) C9 0. 91 0. 87 0. 93 
BS13(S)C3xBSCBl R)C9 0. 88 0. 83 0. 91 
Ear BSSSCOxBSCBlCO 0. 86 0. 82 0. 90 
height (cm) BSSS(R)C9XBSCB1 R) C9 0. 91 0. 88 0. 94 
BS13(S)C3XBSCB1 R) C9 0. 90 0. 86 0. 93 
Days to BSSSCOxBSCBlCO 0. 77 0. 67 0. 83 
anthesis BSSS(R)C9XBSCB1 R) C9 0. 90 0. 84 0. 93 
(no.) BS13(S)C3XBSCB1 R) C9 0. 75 0. 65 0. 83 
Days to BSSSCOxBSCBlCO 0. 75 0. 66 0. 83 
silking BSSS(R)C9XBSCB1 R)C9 0. 87 0. 82 0. 91 
(no.) BS13(S)C3xBSCBl R)C9 0. 79 0. 70 0. 85 
Tassel BSSSCOxBSCBlCO 0. 88 0. 76 0. 95 
branches BSSS(R)C9xBSCBl R)C9 0. 94 0. 87 0. 97 
(no.) BS13(S)C3xBSCBl R)C9 0. 96 0. 91 0. 98 
" Variance components were smaller than the MSE. 
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BSCB1(R)C9. This increase is a consequence of smaller 
dominance variance and greater additive genetic variance for 
the improved cross populations. Schnicker and Lamkey (1993) 
found different results; grain yield heritability decreased 
from 0.65 for BSSSCO x BSCBICO to 0.57 for BSSS(R)C11 x 
BSCB1(R)C11. 
Heritability for root lodging decreased from 0.54 for 
BSSSCO X BSCBICO to 0.34 for BSSS(R)C9 X BSCB1(R)C9. 
Heritabilities for other traits remained similar and 
relatively high (above 0.72) after selection. The highest 
heritability estimate was 0.96 for tassel branch number in 
BS13(S)C3 X BSCB1(R)C9 population. 
Correlations 
Covariances among traits were determined from mean 
products. Correlations were calculated from variances and 
covariances and are listed in Table 12 (genotypic and 
phenotypic) and Table 13 (additive and dominance). 
Grain yield had positive genotypic and additive 
correlations with grain moisture, positive correlations 
(genotypic, phenotypic, additive and dominance) with plant and 
ear height that increase with selection, positive genotypic 
and additive correlations with days to anthesis and days to 
silking, and negative correlations (genotypic, phenotypic, 
additive and dominance) with stalk lodging. Grain moisture 
Table 12. Genotypic (above diagonal) and phenotypic (below 
diagonal) correlations among traits for three hybrid 
populations. 
Grain Grain Root 
Trait^ Population yield moisture lodging 
(Mg/ha) (%) (%) 
Grain yield BSSSCOxBSCBlCO 0. 29 0. 11 
(Mg/ha) BSSS(R)C9XBSCB1(R)C9 0. 38 ,_b 
BS13(S)C3XBSCB1(R)C9 0. 40 0. 04 
Grain BSSSCOxBSCBlCO 0. 04 0. 39 
moisture(%) BSSS(R)C9XBSCB1(R)C9 0. 08 — 
BS13(S)C3XBSCB1(R)C9 0. 10 0. 11 
Root BSSSCOxBSCBlCO 0. 02 0. 18** 
lodging (%) BSSS(R)C9XBSCB1(R)C9 -0. 02 0. 03 
BS13(S)C3XBSCB1(R)C9 -0. 01 0. 04 
Stalk BSSSCOxBSCBlCO -0. 27** -0. 19** -0. 08 
lodging(%) BSSS(R)C9XBSCB1(R)C9 -0. 19** -0. 12* -0. 07 
BS13(S)C3XBSCB1(R)C9 -0. 27** 0. 01 -0. 06 
Plant BSSSCOxBSCBlCO 0. 24** 0. 04 0. 06 
height(cm) BSSS(R)C9XBSCB1(R)C9 0. 29** 0. 09 0. 04 
BS13(S)C3XBSCB1(R)C9 0. 35** 0. 08 0. 07 
Ear BSSSCOxBSCBlCO 0. 16** 0. 05 0. 12* 
height(cm) BSSS(R)C9XBSCB1(R)C9 0. 26** 0. 04 0. 05 
BS13(S)C3XBSCB1(R)C9 0. 32** 0. 02 0. 10 
Days to BSSSCOxBSCBlCO 0. 07 0. 40** 0. 17** 
anthesis BSSS(R)C9XBSCB1(R)C9 0. 12* 0. 33** 0. 06 
(no.) BS13(S)C3xBSCBl(R)C9 0. 13* 0. 37** 0. 09 
Days to BSSSCOxBSCBlCO 0. 13* 0. 35** 0. 06 
silking BSSS(R)C9XBSCB1(R)C9 0. 13* 0. 36** 0. 04 
(no.) BS13(S)C3XBSCB1(R)C9 0. 03 0. 38** 0. 07 
Tassel BSSSCOxBSCBlCO -0. 03 0. 06 -0. 10 
branches BSSS(R)C9XBSCB1(R)C9 0. 21 -0. 10 -0. 06 
(no.) BS13(S)C3XBSCB1(R)C9 -0. 25* -0. 25* -0. 16 
®Grain yield, grain moisture, root lodging, stalk lodging, 
plant height and ear height were evaluated at 4 environments, 
days to anthesis and days to silking at 2 environments, and 
tassel branches at 3 environments and 4 sets. 
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Stalk Plant Ear Days to Days to Tassel 
lodging height height anthesis silking branches 
(%) (cm) (cm) (no.) (no.) (no.) 
-0.43 0.28 0.11 0.18 0. 35 -0. 04 
-0.29 0.39 0.35 0.26 0.32 0.35 
-0.44 0.50 0.45 0.30 0.11 -0.45 
-0.33 0.15 0.17 0.55 0.48 0.13 
-0. 37 0.23 0.13 0.45 0.49 -0.13 







0.12 0.27 0.32 0.11 -0.17 
— 0.13 — 0.29 0.24 -0.18 
0. 03 0.18 0.26 0.26 0.23 -0.37 
-0.03 0.23 -0.24 -0.36 -0.26 
0.13 0.33 0.01 -0. 03 -0. 05 
0. 06 0.25 -0.08 -0.13 0.31 
0.03 0.90 0.59 0.59 -0.18 
0.11 0.83 0.69 0. 63 -0.02 
0. 09 0.82 0.42 0.36 -0.29 
0.18** 0.81** 0.58 0.52 -0.33 
0.19** 0.78** 0.64 0.51 -0.19 
0.17** 0.77** 0.44 0.24 -0.13 
-0.17** 0.39** 0.47** 0.86 -0.24 
-0.01 0.54** 0.52** 0.86 -0. 09 
-0.05 0.30** 0.34** 0.83 -0.54 
-0.26** 0.47** 0.42** 0.78** -0.15 
-0.02 0.49** 0.40** 0.77** 0.15 
-0.07 0.27** 0.19** 0.72** -0.20 
-0.20 -0.14 -0.26* -0.19 -0.15 
-0.01 -0.01 -0.14 -0.08 0.08 
0.15 -0.22 -0.09 -0.38** -0.18 
Not estimated because one or more negative variance 
component estimates. 
Table 13. Additive (above diagonal) and dominance (below 
diagonal) correlations among traits for three hybrid 
populations. 
Grain Grain Root 
Trait" Population yield moisture lodging 
(Mg/ha) (%) (%) 
Grain yield BSSSCOXBSCBICO 0. 40 0. 19 
(Mg/ha) BSSS(R)C9xBSCBl R)C9 0. 48 _b  
BS13(S)C3XBSCB1 R)C9 0. 47 -0. 04 
Grain BSSSCOXBSCBICO -0. 03 0. 50 
moisture(%) BSSS(R)C9XBSCB1 R) C9 -0. 04 -
BS13(S)C3XBSCB1 R) C9 0. 12 0. 04 
Root BSSSCOXBSCBICO -0. 05 0. 05 
lodging (%) BSSS(R)C9XBSCB1 R) C9 - -
BS13(S)C3xBSCBl R)C9 0. 25 0. 48 
Stalk BSSSCOXBSCBICO -0. 43 -0. 05 -0. 41 
lodging(%) BSSS(R)C9XBSCB1 R)C9 -0. 33 -0. 10 -
BS13(S)C3xBSCBl R)C9 -0. 18 -0. 30 -0. 35 
Plant BSSSCOXBSCBICO 0. 30 0. 19 0. 21 
height(cm) BSSS(R)C9xBSCBl R)C9 0. 49 0. 23 -
BS13(S)C3XBSCB1 R)C9 0. 73 0. 33 0. 19 
Ear BSSSCOXBSCBICO 0. 20 0. 07 0. 10 
height(cm) BSSS(R)C9XBSCB1 R)C9 0. 33 0. 12 -
BS13(S)C3xBSCBl R)C9 0. 38 0. 37 0. 18 
Days to BSSSCOXBSCBICO -0. 40 — 0. 13 
anthesis BSSS(R)C9XBSCB1 R)C9 0. 14 - -
(no.) BS13(S)C3XBSCB1 R) C9 -0. 31 0. 64 0. 48 
Days to BSSSCOXBSCBICO -0. 40 0. 81 0. 15 
silking BSSS(R)C9XBSCB1 R)C9 -0. 05 0. 07 -
(no.) BS13(S)C3xBSCBl R)C9 -0. 14 0. 47 0. 21 
Tassel BSSSCOXBSCBICO 0. 06 0. 33 0. 36 
branches BSSS(R)C9xBSCBl R) C9 0. 37 -0. 97 0. 13 
(no.) BS13(S)C3XBSCB1 R)C9 - -0. 63 -0. 38 
"Grain yield, grain moisture, root lodging, stalk lodging, 
plant height and ear height were evaluated at 4 environments, 
days to anthesiS and days to silking at 2 environments, and 
tassel branches at 3 environments and 4 sets. 
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Stalk Plant Ear Days to Days to Tassel 
lodging height height anthesis silking branches 
(%) (cm) (cm) (no.) (no,) (no.) 
-0.44 0.29 0.08 0.86 — -0,15 
-0.29 0.40 0.38 0.30 0.42 0.37 
-0.51 0.48 0.48 0.47 0.17 -0.50 
-0.39 0.15 0.19 0.44 0.44 0.10 
-0.40 0.23 0.13 0.49 0.55 -0.10 
0.02 0.24 0.11 0,53 0.55 -0,33 
0,06 0.10 0.34 0.39 0.10 -0.28 
0.30 0.21 -0.27 
0.18 0.19 0.30 0.20 0.24 -0.43 
0.01 0.29 -0.25 -0.39 -0.40 
0.13 0.34 — -0.12 -0.11 
0.06 0.24 -0.18 -0.17 0.31 
-0.19 0.96 0.59 0.66 -0.20 
0.15 0.83 0.70 0.65 -0.03 
0.08 0.83 0.48 0.37 -0.28 
0.02 0.63 0.66 0.55 -0.38 
0.26 0.79 0.62 0.50 -0.21 
0.41 0.70 0.44 0.22 -0.12 
-0.21 0.23 0.34 0.83 -0.40 
0.03 0.56 0.87 0.86 -0.10 
0.24 0.18 0.53 0.80 -0,54 
-0,25 0.29 0.40 0.99 -0,15 
0.40 0.36 0.55 0.91 -0.18 
0.03 0.34 0.37 0.92 -0.24 
-0.07 0.01 0.07 0.56 0.34 
0.57 0.24 0.03 0.31 -0.20 
0.34 -0.41 -0. 38 -0.32 --
•' Not estimated because one or more negative variance 
component estimates. 
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showed positive correlations with days to anthesis and 
silking, and negative correlations with stalk lodging. Stalk 
lodging had negative additive and genotypic correlations with 
days to silking which was smaller for the improved 
populations. Plant height, ear height, days to anthesis and 
days to silking had positive correlations among them, and the 
correlations were not affected by selection. Tassel branch 
correlations with other traits were, in many instances, 
negative but inconsistent in direction and magnitude; probably 
due to the reduced sample size (four sets in three 
environments). 
Generally, additive and genotypic correlations were 
similar and greater than phenotypic correlations. The 
correlations of this study agree with the correlations 
reported by Schnicker and Lamkey (1993) . 
Genetic gain 
The estimates of interpopulation genetic variance 
components were used to calculate the expected progress for 
the hybrid population under half-sib and full-sib reciprocal 
recurrent selection. The expected genetic gain after nine 
cycles of half-sib reciprocal recurrent selection was 4.08 
Mg/ha (9.3%/cycle), which was 1.42 Mg/ha greater than the 
observed genetic gain, 2.66 Mg/ha (6.06%/cycle). The selection 
intensity (k) used was 1.75 for the first seven cycles and 
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1.40 for cycles 8 and 9. The observed genetic gain for 
BS13(S)C3 X BSCB1(R)C9 was 2.09 Mg/ha (4.75%/cycle). The 
observed genetic gain for BSSS(R)C9 x BSCB1(R)C9 (0.295 
Mg/ha/cycle) was greater than the observed genetic gain for 
BS13(S)C3 X BSCB1(R)C9 (0.258 Mg/ha/cycle). Reciprocal 
recurrent selection has been more effective than the combined 
progress of the HT and S methods to increase yield in the 
population cross. Helms et al. (1989b) reported similar 
effectiveness for both methods of selection. 
Moll and Robinson (1966) reported similar results for 
observed and predicted gains for grain yield in the Jarvis x 
Indian Chief cross population after four cycles of reciprocal 
recurrent selection. Obilana and Hallauer (1977) estimated a 
7.33% gain per cycle in BSIO x BSll cross population while 
predicted gain was 12.3 3% per cycle. The lack of agreement 
between observed and expected genetic gain in this study could 
be due to high additive by environment interaction (1992 
season was very different compared with 1993 season) and/or to 
the presence of important epistatic gene action (reciprocal 
recurrent selection could be selecting favorable epistatic 
combinations). 
The expected genetic gain for BSSS(R)C9 x BSCB1(R)C9 and 
succesive cycles was 0.452 Mg/ha per cycle under full-sib 
reciprocal recurrent selection and 0.464 Mg/ha per cycle under 
half-sib reciprocal recurrent selection. For BS13(S)C3 x 
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BSCB1(R)C9 the expected genetic gain was 0.542 Mg/ha per cycle 
under full-sib family and 0.575 Mg/ha per cycle under half-sib 
family reciprocal recurrent selection. The expected genetic 
gains for BS13(S)C3 x BSCB1(R)C9 were greater than the 
expected genetic gains for BSSS(R)C9 x BSCB1(R)C9 as a 
consequence of greater interpopulation additive variance 
components. The difference in average grain yield between 
BSSS(R)C9 X BSCB1{R)C9 and BS13(S)C3 X BSCB1(R)C9 populations 
was 0.57 Mg/ha. The expected grain yield for BS13(S)C3 x 
BSCB1(R)C9 after 6 cycles of either half-sib or full-sib 
reciprocal recurrent selection will be greater than the 
expected grain yield for BSSS(R)C9 x BSCB1(R)C9. 
The gain from reciprocal recurrent selection is the sum 
of gain contributed by each population to the population 
cross. The contribution of each parental population changed 
with selection. The BSSS contribution in the first cycles 
(0.194 Mg/ha/cycle) was 0.065 Mg/ha/cycle smaller than the 
BSCBl contribution (0.259 Mg/ha/cycle). Martin and Hallauer 
(1980) found that BSCBl(R) population contributed more than 
the BSSS(R) population to the predicted gain in the population 
cross for the first seven cycles. However, after nine cycles 
of reciprocal recurrent selection, the BSSS contribution 
(0.252 Mg/ha/cycle) was 0.040 Mg/ha/cycle greater than the 
BSCBl contribution (0.212 Mg/ha/cycle). The BSSS contribution 
to the total genetic gain has increased with selection. 
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DISCUSSION 
The selection progress for reciprocal recurrent selection 
(RRS) refers to the hybrid population (direct response). Any 
improvement of the parental population (indirect response) 
would be due to a positive correlation with the hybrid 
progress. The observed direct response to selection for yield 
in this study was 6.06% per cycle. This rate of response for 
Sj line crosses derived from the parental populations (BSSS 
and BSCBl) is similar to the ones recently reported in the 
literature for the same program using different parental 
levels of inbreeding (Smith (1983) 4.3%/cycle; Keeratinijakal 
and Lamkey (1993) 6.95%/cycle; and Schnicker and Lamkey (1993) 
6.46%/cycle), and greater than the average rate for the 
initial cycles, 3.6% (Hallauer et al. 1983) (Figure 15). It 
seems that (1) the adjustments that have been made during past 
cycles (effective population size from 10 to 20, use of 
individuals to produce half-sib families, machine harvest 
evaluation trials, higher plant densities, selection indices, 
etc) and the long-run program since 1949 (twelve cycles of 
selection) have increased the efficiency of selection, and (2) 
the hybrid population improvement by RRS is directly reflected 
in superior single crosses. Crosses between lines derived from 
improved populations of BSSS(R) and BSCBl(R) provided hybrids 
with greater grain yield and improved agronomic traits. Direct 
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10. Betran and Hallauer (1994) 
Figure 15. Direct observed genetic responses for the 
reciprocal recurrent selection program in BSSS and 
BSCBl 
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responses in other RRS programs confirm the capability of RRS 
to improve the variety cross (Table 14). However, to evaluate 
the relative efficiency to improve the population cross it is 
necessary to compare RRS with other recurrent selection 
methods. In this study RRS method (6.06%/cycle) was more 
Table 14. Observed direct response in other RRS programs 
Reference Cycle Response (%/cycle) 
Douglas et al. (1961) 3 5.8 
Gevers et al. (1975) 3 5.8 (So plants) 
3 . 3 (S, " ) 
Conti et al. (1977) 2 7.8 
Paterniani and Vencovsky (1977) 1 7.5 
Paterniani and Vencovsky (1978) 3 3 . 5 
Lambert (1984) 2 5.3 
Darrah et al. (1978) 3 7.0 
Darrah (1985) 5 5.5 
Moll and Robinson (1966) 3 0.8 
Moll and Stuber (1971) 6 3 . 5 
Moll et al. (1977) 6 2.1 (Single 
crosses) 
Moll and Hanson (1984) 10 2.7 
Average 4.7 
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effective than the combined progress of the HT and S methods 
(4.75%/cycle) to increase the average performance of single 
crosses. Russell and Eberhart (1975) reported that the 
BSSS(R)C5 X BSSS(HT)C6 cross surprisingly yielded more than 
the RRS variety cross, BSSS(R)C5 x BSCB1(R)C5. The reverse was 
found by using 82^3^4 lines derived from the parental 
populations; BSSS(R)C5 x BSCB1(R)C5 hybrids were superior to 
the BSSS(R)C5 X BSSS(HT)C6 hybrids. Helms et al. (1989) 
suggested that RRS was not more effective for increasing grain 
yield than either HT or the combined effects of HT and S when 
the appropiately improved BSSS population was crossed to 
BSCBl(R)Cj^. The change in the cross population for grain yield 
was 0.217 Mg/ha per cycle for BSSS(R)C^ x BSCBl(R)Cn, 0.140 
Mg/ha per cycle for BS13(S)Cjj x BSCBl(R)Cj^, and 0.254 Mg/ha 
per cycle for BSSS(HT)Cjj x BSCBl(R)Cjj. Theoretical comparisons 
by Comstock et al. (1949), Cress (1966), Cress (1967) and Hill 
(1970) indicated that RRS should be more effective than other 
recurrent selection methods to improve the population cross 
under certain allelic frequencies and types of gene effects. 
This theoretical advantage for RRS has been tested in several 
experiments. For early cycles, other recurrent selection 
methods, such as intrapopulation full-sib selection and S^^ 
selection, were as efficient as RRS (Moll and Robinson 1966, 
West et al. 1980). For advanced cycles of selection, RRS 
became more efficient (Moll and Stuber 1971, Moll and Hanson 
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1984, Darrah 1984) and the chances of obtaining superior 
single-crosses improved (Moll at al. 1977). RRS is an 
effective selection method to improve the population cross and 
derived single crosses and its efficiency increases with the 
number of cycles, once favorable complementary allele 
combinations are created in both parental populations during 
the first cycles. 
In the present study, the reference populations for the 
estimation of interpopulation genetic variance components are 
BSSSCO X BSCBICO, BSSS(R)C9 X BSCB1(R)C9, and BS13(S)C3 X 
BSCB1(R)C9. The use of 80 unselected S, lines for each parental 
population should be a sufficiently large sample to permit 
inferences concerning BSSS by BSCBl hybrid populations. The 
inbreeding level of the parents, F = 0.992 for S7 lines, 
reduces the effects of linkage in the covariances among 
relatives; however, the inbreeding process could change the 
allele frequencies of the original parental populations. 
The total interpopulation additive variance components 
were greater than the dominance variance components for all 
traits, which agrees with the results reported by Hallauer 
(1970) in BSSS(R)C4 X BSCBl(R)C4, and Obilana and Hallauer 
(1977) in BSIO x BSll. The total interpopulation additive 
variance component for grain yield surprisingly increased with 
selection. Hallauer (1970) and Schnicker and Lamkey (1993) 
found a decrease of genetic variance with selection for the 
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same variety cross. The different results in this study can be 
due to the use of S, lines developed from the original 
populations. The line crosses between nonselected populations 
had greater interaction with environment than those crosses 
between selected populations. Also, one assumption was that 
epistasis was not present; however, significant epistatic 
effects have been detected in crosses among unselected lines 
representing maize populations when they were not detectable 
in variance component studies of the randon mating equilibrium 
population (Stuber and Moll 1969). Epistatic effects could 
affect the genetic variance components estimates, specially in 
the improved hybrid populations where unique genetic 
combinations could be more frequent than in the unselected 
original cross population. 
The relative BSSS contribution to the total 
interpopulation additive variance increased with selection for 
all traits except for days to flowering and number of tassel 
branches. The selection in RRS is done on the basis of hybrid 
performance but the selection pressure is applied on two 
separate closed populations (BSSS and BSCBl). If the two 
populations differ in allele frequency, the selection pressure 
is greater for the population with greater frequency of 
favorable alleles (Cress 1967). Hallauer (1992) pointed out 
that response in RRS programs is primarily for additive 
effects in one parental population (e.g., BSSS and Indian 
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Chief) and dominant effects in the other parental population 
(BSCBl and Jarvis). Keeratinijakal and Lamkey (1993b) also 
suggested that improvement in BSSS(R) was due to both additive 
and dominance effects and in BSCBl(R) to dominance effects. 
Smith (1979) indicated that both populations, BSSS(R) and 
BSCBl(R), made approximately equal contributions to the 
improvement of the hybrid population. The BSCBl contributions 
to the interpopulation additive variances were different when 
crossed with BSSS(R)C9 than with BS13(S)C3. It seems that the 
average effect of the same allele may vary with the reference 
population and its relative contribution to the genetic 
variance is determined by the genetic background. 
Genetic variance components estimates for grain yield 
indicate that there is enough variation to suggest good 
genetic gain in future cycles of selection. However, no 
improvements in mean grain yield was reported by 
Keeratinijakal and Lamkey (1993) for cycles 10 and 11 in the 
interpopulation cross between BSSS(R) and BSCBl(R). There is 
no clear explanation for the lack of response. The change from 
reciprocal half-sib selection to reciprocal full-sib selection 
and to intermate 20 rather than 10 progenies could affect the 
rate of progress. 
Recurrent selection programs that included BSSS have 
emphasized grain yield, but correlated responses of other 
agronomic traits were of interest, specially maturity and 
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standability. Days to flowering and root and stalk lodging 
decreased with selection. The same was reported by Eberhart et 
al. (1973), Martin and Hallauer (1980), Keeratinijakal and 
Lamkey (1993), and Schnicker and Lamkey (1993). The additive 
variance components for root and stalk lodging, however, have 
decreased significantly and despite their negative correlation 
with grain yield, little improvement can be expected. Grain 
moisture increased with selection. Increases for grain 
moisture have been reported by Stangland et al. (1982), Helms 
et al. (1989), and Schnicker and Lamkey (1993) for the same 
populations. In other instances, Eberhart et al. (1973) and 
Keeratinijakal and Lamkey (1993), grain moisture remained 
unchanged. Because of the positive correlations of grain 
moisture with grain yield, the use of a selection index in the 
RRS program after cycle 9 will permit selection for higher 
yielding genotypes with lower grain moisture. Correlated 
response for ear height, despite its positive correlation with 
grain yield, was in the desire direction. Decreases were also 
observed by Martin and Hallauer (1980), Keeratinijakal and 
Lamkey (1993) and Schnicker and Lamkey (1993). 
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SUMMARY AMD CONCLUSIONS 
A cross-classification (North Carolina Design II) mating 
design was used to produce half-sib and full-sib progenies in 
three cross populations; BSSSCO x BSCBICO (original unselected 
cross population), BSSS(R)C9 x BSCB1(R)C9 (selected cross 
population after nine cycles of reciprocal recurrent 
selection), and BS13(S)C3 x BSCB1(R)C9 (cross population 
between a population selected under combination of HT and S 
methods of selection and the reciprocal population tester of 
BSSS(R)). 
Objectives were to; (1) compare relative mean 
performance among the selected and unselected cross 
populations; (2) estimate the amount and type of genetic 
variability in a cross population (BSSSCO x BSCBICO) and its 
change with selection; (3) utilize the estimates obtained to 
calculate the expected genetic gain and to compare it with the 
observed gain; (4) estimate other interpopulation genetic 
parameters such as heritabilities and correlations. 
Progenies were evaluated in a replications-within-sets, 
randomized incomplete block design with two replications at 
five locations, two in 1992 and three in 1993. Data were 
collected for grain yield, grain moisture, root and stalk 
lodging, dropped ears, plant and ear height, days to anthesis 
and silking, and tassel branch number. 
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Reciprocal recurrent selection resulted in a significant 
increase in grain yield for the cross population (4.88 Mg/ha 
for BSSSCO X BSCBICO vs 7.54 Mg/ha for BSSS(R)C9 x 
BSCB1(R)C9). This increase (2.66 Mg/ha) was greater than the 
increase observed for BS13(S)C3 x BSCB1(R)C9 (2.09 Mg/ha). 
Reciprocal recurrent selection was more effective than the 
combined progress of the HT and S methods to increase yield in 
the population cross. Reciprocal recurrent selection was also 
more effective reducing root and stalk lodging, ear height, 
days to anthesis and silking, and tassel branches. Grain 
moisture and plant height increased with selection. 
Genetic variability in the interpopulation was 
partitioned into each parental population additive and 
dominance components, with their interactions with the 
environment. Covariances among half-sibs and full-sibs were 
interpreted in terms of interpopulation genetic variances. In 
comparisons of the interpopulation genetic variance 
components, the additive variance component was the most 
important component of genetic variability for all traits. 
Except for grain yield, additive by environment 
interpopulation variance estimates were smaller than their 
corresponding additive variances. For grain yield, the 
additive variance components increased with selection; 
however, the original population cross showed greater additive 
by environment interaction variance than the improved 
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populations. The two growing seasons (1992 and 1993) were 
completely different and could affect more the performance of 
crosses from the original population than the performance of 
crosses from the improved populations. Reciprocal recurrent 
selection for grain yield resulted in an increase of the 
additive variance component for plant and ear height and a 
decrease for root and stalk lodging. All traits exhibited a 
decrease in estimates of the dominance variance component 
after recurrent selection. The BSSS additive contribution to 
the total interpopulation additive variance became more 
important with selection except for days to anthesis, days to 
silking, and tassel branch number. 
Heritability estimates for grain yield ranged from 0.51 
to 0.65. Recurrent selection resulted in an increase of grain 
yield heritability. This can be attributed to lower estimates 
of the dominance variance component and higher estimates of 
the additive variance component associated with the improved 
cross populations. Heritabilities for the other traits 
remained similar. 
Grain yield showed positive genotypic and additive 
correlations with grain moisture, plant height, and ear height 
and negative correlations with stalk lodging. Additive and 
genotypic correlations were similar and greater than 
phenotypic correlations. In general, correlations among traits 
were not affected by selection for yield. Highly correlated 
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traits in BSSSCO x BSCBICO were highly correlated in BSSS(R)C9 
X BSCB1(R)C9 and BS13(S)C3 X BSCB1(R)C9. However, tassel 
branches correlations with other traits were inconsistent. 
The observed genetic gain (6.06% per cycle) for 
reciprocal recurrent selection was smaller than the predicted 
gain (9.30% per cycle). The observed genetic gain for 
BSSS(R)C9 X BSCB1(R)C9 was greater than the observed genetic 
gain for BS13(S)C3 x BSCB1(R)C9. Considering that both cross 
populations differ only in one parental (BSSS(R)C9 vs 
BS13(S)C3), it seems that reciprocal recurrent selection is 
exploiting other gene effects as well as additive gene 
effects. Reciprocal recurrent selection could emphasize 
epistatic effects by creating good combinations in both the 
parental populations and the cross populations. The expected 
genetic gain for future cycles of selection was greater for 
BS13(S) X BSCBl(R) than for BSSS(R) x BSCBl(R). Because of an 
increase of the additive variance component, the BSSS 
contribution to the total genetic gain increased with 
selection. 
The results of this study show that reciprocal recurrent 
selection is an effective method for improving the population 
cross for yield without decreasing its genetic variability. 
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APPENDIX A. INDIVIDUAL ENVIRONMENT ANALYSIS OF VARIANCE 
Table Al. Individual environment analysis of variance mean squares for grain yield 
Source of variation Ames92 Ankeny92 Ames93 Ankeny93 Atomic93 
Sets 19 11. 54** 19 3 .75** 19 11. 15** 14 60 .38** 19 40. 55** 
Pop/set 40 69. 40** 40 96 .63** 40 95. 33** 30 43 .20** 40 42. 86** 
Rep/pop/set 60 2. 63** 60 1 .19 60 0. 60 45 9 .00** 60 1. 45** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 5. 68** 120 6 .02** 120 2. 78** 90 2 .32** 120 2. 08** 
M BSSSCO 30 5. 77** 30 3 .66** 30 2. 96** 21 2 .13** 30 1. 85** 
M BSCBICO 30 4. ^ ^  30 8 .08** 30 3. 75** 24 2 .06** 30 2. 22** 
F BSSSCO 30 4. 88** 30 6 .10** 30 2. 83** 24 1 .59** 30 1. 39** 
F BSCBICO 30 7. 08** 30 6 .23** 30 1. 59** 21 3 .61** 30 2. 86** 
M K F 179 1. 84* 179 2 .25** 180 0. 91** 135 1 .03 180 1. 02** 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 3. 41** 120 4 .22** 120 3. 32** 90 2 .34** 120 2. 05** 
M BSSS(R)C9 30 2. 76** 30 5 .29** 30 2. 64** 24 1 .19 30 1. 74** 
M BSCBl(R)C9 30 3. 31** 30 3 .85** 30 3. 01** 21 1 .26 30 1. 53** 
F BSSS(R)C9 30 3. 96** 30 4 .17** 30 4. 30** 21 3 .34** 30 2. 77** 
F BSCBl(R)C9 30 3. 61** 30 3 .54** 30 3. 33** 24 3 .17** 30 2. 18** 
M X F 180 1. 78* 180 1 .19* 180 1. 02** 135 1 .43 180 0. 92** 
BS13 (S)C3 X BSCBl(R)C9 
HS pool 120 5. 14** 120 4 .55** 120 4. 30** 90 4 . 08** 120 2. 31** 
M BS13(S)C3 30 5. 59** 30 4 .94** 30 5. 01** 18 3 .52** 30 1. 36** 
M BSCBl(R)C9 30 3. 84** 30 3 .81** 30 2. 78** 27 4 .32** 30 2. 56** 
F BS13(S)C3 30 5. 09** 30 4 .28** 30 4. 29** 27 3 .79** 30 3. 35** 
F BSCBl(R)C9 30 6. 03** 30 5 .14** 30 5. 12** 18 4 .69** 30 1. 95** 
M X F 178 2. 17** 177 1 .89** 180 0. 97** 135 1 .71** 180 1. 15** 
Error 895 1. 47 894 0 .95 899 0. 53 663 0 .90 897 0. 55 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table A2. Individual environment analysis of variance mean squares for grain moisture 
Source of variation Ames92 Ankeny92 Ames93 Ankeny93 Atomic93 
Sets 19 185. 63** 19 69 .40** 19 127. 59** 14 302 .00** 19 35. 68** 
Pop/set 40 37. 61** 40 38 .78** 40 78. 44** 30 226 .75** 40 87. 77** 
Rep/pop/set 60 3. 58** 60 1 .49** 60 5. 38** 45 25. 65** 60 19. 40** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 9. 76** 120 10 .57** 120 20. 09** 90 36. 36** 120 24. 45** 
M BSSSCO 30 7. 94** 30 12 .50** 30 17. 17** 21 45. 25** 30 22. 89** 
M BSCBICO 30 12. 81** 30 8 .71** 30 19. 80** 24 30. 82** 30 23. 25** 
F BSSSCO 30 5. 26** 30 7 .66** 30 21. 00** 24 25. g 2 * *  30 26. 87** 
F BSCBICO 30 13. 02** 30 13 .41** 30 22. 35** 21 45. 84** 30 24. 77** 
M X F 179 2. 45 179 1 .31** 180 4. 36** 135 7. 68** 180 10. 37** 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 8. 82** 120 8 .46** 120 24. 61** 90 36. 68** 120 20. 68** 
M BSSS(R)C9 30 12. 00** 30 9 .65** 30 24. 55** 24 43. 39** 30 20. 23** 
M BSCBl(R)C9 30 8. 28** 30 6 .92** 30 25. 52** 21 41. 35** 30 9. 67** 
F BSSS(R)C9 30 7. 43** 30 10 .17** 30 29. 81** 21 39. 31** 30 35. 64** 
F BSCBl(R)C9 30 7. 56** 30 7 .11** 30 18. 55** 24 23. 57** 30 17. 19** 
M X F 180 2. 71* 180 0 .96** 180 3. 37** 135 6. 16 180 9. 25* 
BS13(S)C3 X BSCBl(R)C9 
HS pool 120 9. 81** 120 7 .92** 120 17. 90* * 90 33. 35** 120 22. 44* * 
M BS13(S)C3 30 10. 62** 30 9 .30** 30 18. 78** 18 37. 21** 30 21. 02** 
M BSCBl(R)C9 30 8. 80** 30 7 .73** 30 20. 07** 27 31. 24** 30 27. 74** 
F BS13(S)C3 30 8. 31** 30 7 .18** 30 14. 97** 27 28. 33** 30 19. 77** 
F BSCBl(R)C9 30 11. 49** 30 7 . 45** 30 17. 79** 18 40. 16** 30 21. 22** 
M X F 178 2. 80** 177 1 .18** 180 3. 63** 135 6. 38* 180 9. 53** 
Error 895 2. 15 894 0 .59 899 2. 44 663 5. 10 897 7. 23 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table A3. Individual environment analysis of variance mean squares for plant height 
Source of variation Ames92 Ankeny92 Ames93 Ankeny93 
Sets 19 8952. 33** 19 2538. 4 4 * * 19 780. 43** 14 16339 '.55** 
Pop/set 40 1874. 83** 40 1322. 59** 40 1397. 85** 30 2167. 99** 
Rep/pop/set 60 147. 78** 60 135. 08** 60 186. 96** 45 1701. 72** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 596. 62** 120 421. 89** 120 518. 93** 90 638. 53** 
M BSSSCO 30 750. 84** 30 462. 89** 30 572. 32** 21 685. 
M BSCBICO 30 552. 03** 30 398. 26** 30 537. 05** 24 747. 35** 
F BSSSCO 30 277. 59** 30 255. 37** 30 376. 80** 24 366. 45** 
F BSCBICO 30 806. 01** 30 571. 01** 30 589. 51** 21 755. 16** 
M X F 179 75. 50** 179 69. 97** 180 88. 60** 135 228. 09* 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 601. 29** 120 526. 46** 120 529. 65** 90 758. 91** 
M BSSS(R)C9 30 590. 54** 30 495. 34** 30 438. 25** 24 613. 05** 
M BSCBl(R)C9 30 395. 79** 30 346. 27** 30 459. 30** 21 260. 29** 
F BSSS(R)C9 30 856. 47** 30 761. 74** 30 681. 97** 21 1219. 31** 
F BSCBl(R)C9 30 562. 35** 30 502. 48** 30 539. 07** 24 942. 97** 
M X F 180 62. 26** 180 69. 97** 180 57. 85** 135 196. 26 
BS13(S)C3 X BSCBl(R)C9 
HS pool 120 649. 61** 120 454. 29** 120 440. 93** 90 552. 55** 
M BS13(S)C3 30 879. 03** 30 599. 4 9* * 30 438. 79** 18 338. 33** 
M BSCBl(R)C9 30 522. 50** 30 333. 70** 30 439. 07** 27 623. 78** 
F BS13(S)C3 30 578. 76** 30 533. 29** 30 393. 93** 27 831. 93** 
F BSCBl(R)C9 30 618. 13** 30 350. 67** 30 491. 9]^** 18 416. 15** 
M X F 178 130. 55** 177 65. 96** 180 58. 40** 135 199. 37 
Error 896 53. 59 896 45. 36 898 32. 80 672 176. 52 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table A4. Individual environment analysis of variance mean squares for ear height 
Source of variation Ames92 Ankeny92 Ames93 Ankeny93 
Sets 19 3798. 19 1533. 84** 19 1230. 68** 14 12228 .24** 
Pop/set 40 1236. 21** 40 1259. 31** 40 1424. 26** 30 1039. 16** 
Rep/pop/set 60 67. 05** 60 113. 44** 60 105. 31** 45 1344 . 80** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 480. 03** 120 386. 69** 120 522. 51** 90 448. 37** 
M BSSSCO 30 397. 24** 30 270. 72** 30 498. 28** 21 429. 95** 
M BSCBICO 30 498. 85** 30 389. 45** 30 699. 85** 24 516. 90** 
F BSSSCO 30 305. 36** 30 252. 20** 30 301. 21** 24 252. 44** 
F BSCBICO 30 718. 64** 30 634. 39** 30 590. 70** 21 612. 38** 
M X F 179 57. 60** 179 62. 18** 180 80. 97** 135 146. 12* 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 509. 16** 120 377. 80** 120 607. 36** 90 569. 63** 
M BSSS(R)C9 30 471. 53** 30 363. 35** 30 460. 23** 24 397. 31** 
M BSCB1(R)C9 30 385. 52** 30 299. 00** 30 488. 44** 21 257. 77** 
F BSSS(R)C9 30 571. 67** 30 510. 06** 30 691. 30** 21 808. 38** 
F BSCBl(R)C9 30 607. 92** 30 338. 76** 30 789. 48** 24 805. 91** 
M X F 180 48. 16** 180 56. 45* 180 55. 46** 135 127. 77 
BS13{S)C3 X BSCBl(R)C9 
HS pool 120 407. 27** 120 354. 90** 120 403. 14** . 90 404 . 58** 
M BS13(S)C3 30 544 . 46** 30 502. 27** 30 411. 80** 18 259. 93** 
M BSCBl(R)C9 30 327. 36** 30 199. 54** 30 432. 97** 27 435. 37** 
F BS13(S)C3 30 340. 39** 30 411. 22** 30 259. 42** 27 393. 50** 
F BSCBl(R)C9 30 416. 86** 30 306. 55** 30 508. 39** 18 519. 64** 
M X F 178 38. 95** 177 56. 98* 180 52. 45** 135 137. 69 
Error 896 26. 83 896 46. 43 898 33. 30 672 117. 95 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table A5. Individual environment analysis of variance mean squares for root lodging 
Source of variation Ames92 Ankeny92 Ames93 Ankeny93 
Sets 19 53. 55** 19 23. 51** 19 38. 84** 14 5. 63** 
Pop/set 40 49. 53** 40 36. 61** 40 33. 78** 30 3. 82** 
Rep/pop/set 60 12. 64** 60 4. 35 60 27. 87** 45 1. 84 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 43. 12** 120 29. 80** 120 21. 78** 90 2. 90** 
M BSSSCO 30 61. 02** 30 33. 88** 30 22. 60** 21 3. 32** 
M BSCBICO 30 14. 97 30 22. 32** 30 25. 80** 24 2. 85 
F BSSSCO 30 12. 19 30 20. 28** 30 8. 53 24 1. 48 
F BSCBICO 30 84. 31** 30 42. 71** 30 30. 17** 21 4. 14** 
M X F 179 13. 96** 179 14. 04** 180 10. 71** 135 1. 30 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 0. 81 120 1. 71 120 11. 30* 90 0. 98 
M BSSS(R)C9 30 0. 64 30 0. 24 30 6. 26 24 0. 78 
M BSCBl(R)C9 30 0. 50 30 3. 25 30 10. 64** 21 1. 01 
F BSSS(R)C9 30 1. 19 30 3. 13 30 18. 02** 21 0. 23 
F BSCBl(R)C9 30 0. 90 30 0. 24 30 10. 25** 24 1. 81 
M X F 180 0. 80 180 0. 92 180 5. 33 135 1. 00 
BS13(S)C3 X BSCBl(R)C9 
HS pool 120 12. 28** 120 8. 40** 120 20. 66** . 90 2. 52 
M BS13(S)C3 30 3. 52 30 3. 40 30 24. 36** 18 0. 65 
M BSCBl(R)C9 30 21. 36** 30 9. 94** 30 13. 08** 27 4. 63** 
F BS13(S)C3 30 20. 19** 30 15. 71** 30 21. 6 6* * 27 3. 59* 
F BSCBl(R)C9 30 4. 04 30 4. 55 30 23. 53** 18 1. 19 
M X F 178 7. 33** 177 3. 29 180 9. 86 135 2. 11* 
Error 896 4. 42 896 3. 55 899 8. 22 670 1. 60 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table A6. Individual environment analysis of variance mean squares for stalk lodging 
Source of variation Ames92 Ankeny92 Ames93 Ankeny93 
Sets 19 2858. 30** 19 630. 68** 19 1131. 39** 14 1237. 61** 
Pop/set 40 3394. 65** 40 888. 29** 40 2136. 11** 30 998. 35** 
Rep/pop/set 60 213. 56** 60 28. 29 60 186. 85** 45 138. 09** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 1026. 57** 120 349. 63** 120 640. 55** 90 327. 05** 
M BSSSCO 30 1171. 80** 30 347. 50** 30 689. 42** 21 191. 23** 
M BSCBICO 30 565. 16** 30 186. 29** 30 4 62. 62** 24 386. 59** 
F BSSSCO 30 894. 06** 30 365. 65** 30 537. 72** 24 250. 81** 
F BSCBICO 30 1475. 24** 30 499. 06** 30 872. 43** 21 481. 93** 
M X F 179 264. 42** 179 102. 71** 180 214. 29** 135 104. 15** 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 291. 92** 120 35. 49* 120 123. 88** 90 149. 17** 
M BSSS(R)C9 30 222. 69** 30 33. 29 30 117. 45** 24 153. 33** 
M BSCBl(R)C9 30 244 . 67** 30 27. 89 30 106. 35** 21 81. 29* 
F BSSS(R)C9 30 397. 95** 30 53. 38** 30 134. 48** 21 235. 24** 
F BSCBl(R)C9 30 302. 35** 30 27. 37 30 137. 23** 24 129. 10** 
M X F 180 93. 29 180 12. 84 180 54. 27 135 42. 17 
BS13(S)C3 X BSCBl(R)C9 
HS pool 120 431. 94** 120 100. 30** 120 474 . 52** . 90 226. 55** 
M BS13(S)C3 30 506. 51** 30 100. 97** 30 547. ^ ^  • 18 371. 56** 
M BSCBl(R)C9 30 340. 77** 30 137. 25** 30 327. 94* + 27 165. 68** 
F BS13(S)C3 30 480. 87** 30 88. 55** 30 438. 71** 27 226. 57** 
F BSCBl(R)C9 30 399. 59** 30 74. 41** 30 583. 42** 18 172. 34** 
M X F 178 132. 42* * 111 29. 69 180 98. 13** 135 75. 8 6** 
Error 896 90. 97 896 26. 95 899 66. 61 670 55. 78 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table A7. Individual environment analysis of variance mean squares for dropped ears 
Source of variation Ames92 Ank;eny92 Ames93 Ankeny93 
Sets 19 1.81** 19 0.18 19 5.13** 14 2.80** 
Pop/set 40 1.88** 40 0.27 40 6.90** 30 2.30** 
Rep/pop/set 60 0.35 60 0.08 60 1.55 45 0.67 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 1.74 120 0.36 120 5.02 90 1.73 
M BSSSCO 30 0.53 30 0.15 30 3.26 21 2.66 
M BSCBICO 30 3.33** 30 0.68** 30 7.33* 24 1.34 
F BSSSCO 30 2.32 30 0.45 30 6.35 24 1.52 
F BSCBICO 30 0.78 30 0.18 30 3.13 21 1.45 
M X F 179 1.55** 179 0.29 180 4.14** 135 1.75** 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 0.23 120 0.02 120 2.00 90 0.53 
M BSSS(R)C9 30 0.18 30 0.03 30 1.31 24 0.42 
M BSCBl(R)C9 30 0.24 30 0.00 30 3.24 21 0.47 
F BSSS(R)C9 30 0.21 30 0.00 30 1.03 21 0.68 
F BSCBl(R)C9 30 0.28 30 0.03 30 2.43 24 0.59 
M X F 180 0.20 180 0.02 180 1.21 135 0.39 
BS13(S)C3 X BSCBl(R)C9 
HS pool 120 0.33 120 0.05 120 1.27 . 90 0.43 
M BS13(S)C3 30 0.58 30 0.03 30 1.21 18 0.19 
M BSCBl(R)C9 30 0.10 30 0.07 30 0.95 27 0.69 
F BS13(S)C3 30 0.06 30 0.07 30 0.96 27 0.34 
F BSCBl(R)C9 30 0.58 30 0.03 30 1.97 18 0.43 
M X F 178 0.32 177 0.05 180 0.75 135 0.27 
Error 896 0.60 896 0.10 899 1.79 670 0.99 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table A8. Individual environment analysis of variance mean squares for days to 
anthesis and days to silking date 
Days to anthesis Days to silking 
Source of variation Ames92 Ames93 Ames92 Ames93 
Sets 19 235 .68** 19 52 .01** 19 278 .28** 19 62. 06** 
Pop/set 40 35 .84** 40 22 .22** 40 67 . 69** 40 55. 91** 
Rep/pop/set 60 2 .46** 60 2 .36** 60 3 .44** 60 2. 89** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 16 .89** 120 6 .28** 120 19 .75** 120 15. 80** 
M BSSSCO 30 19 .86** 30 7 .00** 30 22 .54** 30 18. 49** 
M BSCBICO 30 11 .27** 30 5 .18** 30 13 .20** 30 11. 70** 
F BSSSCO 30 15 .78** 30 5 .89** 30 18 .67** 30 14. 86** 
F BSCBICO 30 20 .62** 30 7 .06** 30 24 .58** 30 18. 14** 
M X F 179 2 .18** 180 1 .71** 179 2 .27** 176 3. 44** 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 14 .72** 120 8 .29** 120 18 .44** 120 11. 06** 
M BSSS(R)C9 30 11 .60** 30 7 .94** 30 15 .95** 30 11. 84** 
M BSCBl{R)C9 30 17 .87** 30 8 .55** 30 23 .32** 30 13. 11** 
F BSSS(R)C9 30 18 .24** 30 7 .92** 30 19 .79** . 30 8. 89** 
F BSCBl(R)C9 30 11 .18** 30 8 .74** 30 14 .71** 30 10. 40** 
M X F 180 1 . 63** 180 1 .26* 180 1 . 59** 180 1. 52 
BS13 (S)C3 X BSCBl(R)C9 
HS pool 120 10 .45** 120 5 .23** 120 16 .05** 120 9. 22** 
M BS13(S)C3 30 8 .90** 30 4 .74** 30 10 .88** 30 6. 93** 
M BSCBl{R)C9 30 15 .38** 30 7 .36** 30 28 .17** 30 11. -k 
F BS13(S)C3 30 8 .53** 30 3 .44** 30 13 .90** 30 5. 58** 
F BSCBl(R)C9 30 8 .99** 30 5 .36** 30 11 .22** 30 12. 36** 
M X F 178 1 .49** 180 1 .52** 178 1 .48** 179 1. 61 
Error 896 0 .85 888 0 .99 896 1 .10 869 1. 36 
*,^^Significant at the .05 and .01 probability levels, respectively. 
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Table A9. Individual environment analysis of variance mean 
squares for tassel branches 
Source of variation Ames92 Ankeny92 Ames93 
Sets 3 5, .67** 3 18, .43** 3 10, .37** 
Pop/set 8 26, .54** 8 63, .06** 8 62. 48** 
Rep/pop/set 12 3, .32** 12 2., .32** 12 8, .88** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 24 23, .56** 24 27, .46** 24 26, .01** 
M BSSSCO 6 27, .87** 6 45, .92** 6 45, .40** 
M BSCBICO 6 23, .28** 6 20, .39** 6 15, .22** 
F BSSSCO 6 20, ,19** 6 29. ,69** 6 31, .05** 
F BSCBICO 6 22. 88** 6 13. ,84** 6 12, .34** 
M X F 36 3. ,87** 36 3. ,61** 36 4, .95** 
BSSS(R)C9 X BSCBl(R)C9 
HS pool 24 23, ,18** 24 31. 50** 24 40, ,11** 
M BSSS(R)C9 6 25, .99** 6 29. 54** 6 16. ,17** 
M BSCBl(R)C9 6 40, .87** 6 50. 72** 6 85. ,22** 
F BSSS(R)C9 6 14, .86** 6 35. ,63** 6 32. 72** 
F BSCBl(R)C9 6 10. ,98* * 6 10. 11** 6 26. ,35** 
M X F 36 1. ^56 36 2. ,37** 36 2. ,07** 
BS13(S)C3 X BSCBl(R)C9 
HS pool 24 14. ,81** 24 19. ,88** 24 16. ,31** 
M BS13(S)C3 12 18. ,33** 12 26. 17** 12 17. ,37** 
F BSCBl(R)C9 12 11. ,28** 12 13. , 59** 12 15. 24** 
M X F 36 1. ,13 36 0. ,90 36 1. !28 
Error 180 1. ,12 180 1. 15 180 1. ,43 
*,**Significant at the .05 and .01 probability levels, 
respectively. 
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APPENDIX B. COMBINED ANALYSIS OF VARIANCE ACROSS ENVIRONMENTS 
Table Bl. Combined analysis of variance over environments degrees of freedom and mean 
squares for grain yield, grain moisture, plant height and ear height 
Grain Yield Moisture Plant Height Ear Height 
Source of variation df ms df ms df ms df ms 
Environments 4 13433 .60** 4 11053. 51** 3 187751 .30** 3 121248 .0** 
Sets 19 18 .58** 19 335. 68** 19 10179. 77** 19 7497. 41** 
E*S 71 24 .88** 71 81. 62** 52 5171. 73** 52 2948. 7 9** 
Pop/set 40 311 .13** 40 333. 25** 40 5573. 86** 40 4081. 30** 
Rep/pop/set/env 285 2 .65** 285 10. 28** 225 465. 52** 225 345. 17** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 7 .95** 120 59. 64** 120 1649. 75** 120 1422. 48** 
M BSSSCO 30 6 .42** 30 66. 36** 30 1791. 17** 30 1139. 96** 
M BSCBICO 30 9 .22** 30 65. 61** 30 1656. 28** 30 1625. 40** 
F BSSSCO 30 7 .25** 30 37. 56** 30 956. 63** 30 815. 04** 
F BSCBICO 30 8 .89** 30 69. 04** 30 2194. 93** 30 2109. 53** 
M X F 180 2 .33** 180 7. 58** 180 190. 35** 180 144. 54** 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 7 .75** 120 58. 17** 120 1917. 96** 120 1669. 85** 
M BSSS(R)C9 30 5 .40** 30 73. 30** 30 1782. 18** 30 1342. 69** 
M BSCBl{R)C9 30 7 .93** 30 56. 63** 30 1149. 47** 30 1211. 54** 
F BSSS(R)C9 30 11 .21** 30 66. 96** 30 2755. 65** 30 2142. 34** 
F BSCBl(R)C9 30 6 .51** 30 35. 79** 30 1984. 54** • 30 1982. 82** 
M X F 180 1 .98** 180 5. 87** 180 139. 48** 180 110. 25** 
BS13 (S)C3 X BSCBl(R)C9 
HS pool 120 10 .42** 120 54 . 39** 120 1600. 13** 120 1212. 77** 
M BS13(S)C3 30 9 .67** 30 60. 22** 30 1789. 86** 30 1399. 29** 
M BSCBl(R)C9 30 8 .46** 30 65. 82** 30 1485. 10** 30 1055. 26** 
F BS13(S)C3 30 10 .49** 30 38. 47** 30 1735. 73** 30 1040. 07** 
F BSCBl(R)C9 30 13 . 08** 30 53. 05** 30 1389. 83** 30 1356. 44** 
M X F 180 2 .55** 180 6. 08** 180 151. 41** 180 91. 57** 
Pop/set * env 150 6 .78** 150 21. 39** 110 237. 73** 110 224. 69** 
Entries/pop/set * env 
(BSSSCO X BSCBICO) * env 
HS pool * env 450 2 .76** 450 8. 71** 330 130. 96** 330 110. 02** 
M BSSSCO * env 111 2 .52** 111 7. 05** 81 175. 73** 81 121. 20** 
M BSCBICO * env 114 3 .03** 114 6. 23** 84 149. 24** 84 133. 42** 
F BSSSCO * env 114 2 .42** 114 11. 56** 84 87. 69 84 88. 10** 
F BSCBICO * env 111 3 .07** 111 9. 98** 81 111. 19** 81 97. 36** 
MF CO-CO 673 1 .19** 673 4. 45** 495 77. 55 493 60. 25* 
(BSSS(R)C9 X BSCBl(R)C9) * env 
HS pool * env 450 1 .84** 450 8. 61** 330 112. 40** 330 90. 80** 
M BSSS(R)C9 * env 114 2 .11** 114 7. 36** 84 82. 93 84 96. 53** 
M BSCBl(R)C9 * env 111 1 .26** 111 6. 28** 81 86. 28 81 52. 11 
F BSSS(R)C9 * env 111 1 .70** 111 11. 99** 81 147. 33** 81 72. 29* 
F BSCBl(R)C9 * env 114 2 .29** 114 8. 81** 84 133. 05** 84 142. 27** 
MF C9-C9 675 1 .07** 675 3. 99** 495 71. 87 495 27. 13 
(BS13(S)C3 X BSCBl(R)C9) * env 
HS pool * env 450 2 .38** 450 7. 59** 330 137. 53** 330 91. 26** 
M BS13(S)C3 * env 108 2 .60** 108 6. 05** 78 127. 09** 78 82. 77** 
M BSCBl(R)C9 * env 117 2 .19** 117 6. 68** 87 130. 45** 87 103. 52** 
F BS13(S)C3 * env 117 2 .53** 117 9. 59** 87 169. 30** 87 106. 77** 
F BSCBl(R)C9 * env 108 2 .22** 108 8. 05** 78 123. 29** 78 71. 98** 
MF C3-C9 * env 670 1 .30** 670 4. 25** 492 90. 32** 490 58. 32* 
Pooled Error 4248 0 .88 4240 3. 45** 3358 70. 43 3361 51. 88 
*,**Significant at the .05 and .01 probability levels, respectively. 
Table B2. Combined analysis of variance over environments degrees of freedom and mean 
squares for root lodging, stalk lodging and dropped ears 
Root lodging Stalk lodging Dropped ears 
Source of variation df ms df ms df ms 
Environments 3 204.82** 3 54161.90** 3 58.92** 
Sets 19 49.77** 19 3613.40** 19 4.44 
E*S 52 45.70** 52 702.28** 52 1.73 
Pop/set 40 74.78** 40 6059.24** 40 6. 64* 
Rep/pop/set/env 225 12.33** 225 141.94** 225 0. 66 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 51.45** 120 1525.48** 120 3. 99 
M BSSSCO 30 61.66** 30 1271.18** 30 2.74 
M BSCBICO 30 33.96* 30 1006.40** 30 5.55 
F BSSSCO 30 22.25 30 1412.59** 30 5.34 
F BSCBICO 30 87.91** 30 2411.72** 30 2.34 
M X F 180 15.84** 180 289.26** 180 2.36* 
BSSS(R)C9 X BSCBl(R)C9 
HS pool 120 6.38 120 347 .24** 120 0.81 
M BSSS(R)C9 30 2.67 30 314.18** 30 0.49 
M BSCBl{R)C9 30 7.35 30 240.81** 30 1.31 
F BSSS(R)C9 30 11.37 30 532.69** 30 0.43 
F BSCBl(R)C9 30 4.12 30 301.28** 30 1.02 
M X F 180 2.57 180 79.24** 180 0.45 
BS13 (S)C3 X BSCBl{R)C9 
HS pool 120 21.83* 120 697.33** 120 0. 60 
M BS13(S)C3 30 17.42 30 868.37** 30 0.51 
K BSCBl(R)C9 30 27.21* 30 491.69** 30 0.67 
- BS13(S)C3 30 29.27* 30 803.12** 30 0.33 
F BSCBl(R)C9 30 13.41 30 626.24** 30 0. 88 
M X F 180 6.52 180 127.91** 180 0.29 
Pop/set * env 110 17.42* 110 403.31** 110 1.50 
Entries/pop/set * env 
(BSSSCO X BSCBICO) * env 
HS pool * env 330 16. 64** 330 269. 13** 330 1. 60 
M BSSSCO * env 81 21. 54** 81 396. 81** 81 1. 13 
M BSCBICO * env 84 11. 22** 84 184. 74** 84 2. 45 
F BSSSCO * env 84 7. 12* 84 209. 25** 84 1. 78 
F BSCBICO * env 81 26. 67** 81 285. 69** 81 1. 02 
MF CO-CO 493 8. 65** 493 134 . 45** 493 1. 80** 
(BSSS{R)C9 X BSCB1{R)C9) * env 
HS pool * env 330 2. 98 330 78. 44** 330 0. 67 
M BSSS(R)C9 * env 84 1. 83 84 64. 93 84 0. 49 
M BSCB1(R)C9 * env 81 2. 87 81 72. 17 81 0. 93 
F BSSS(R)C9 * env 81 4. 12 81 80. 60 81 0. 48 
F BSCBl(R)C9 * env 84 3. 11 84 96. 06* 84 0. 79 
MF C9-C9 495 1. 90 495 41. 09 495 0. 47 
(BS13(S)C3 X BSCBl(R)C9) * env 
HS pool * env 330 7. 84** 330 175. 08** 330 0. 51 
M BS13(S)C3 * env 78 5. 48 78 196. 17** 78 0. 55 
M BSCBl{R)C9 * env 87 7. 35* 87 157. 09** 87 0. 36 
F BS13{S)C3 * env 87 11. 06** 87 141. 35** 87 0. 37 
F BSCBl(R)C9 * env 78 7. 47* 78 205. 72** 78 0. 75 
MF C3-C9 * env 490 5. 67** 490 68. 56* 490 0. 38 
Pooled Error 3361 4. 65 3361 60. 29 3361 0. 86 
*,^^Significant at the .05 and .01 probability levels, respectively. 
Table B3. Combined analysis of variance over environments degrees of freedom and mean 
squares for days to anthesis, days to silking and tassel branches number 
Days to anthesis Days to silking Tassel branches 
Source of variation df ms df ms df ms 
Environments 1 90862. 00** 1 92196. 60** 2 278 . 08** 
Sets 19 202. 19** 19 247. 85** 3 18 .25** 
E*S 19 84. 95** 19 91. 05** 6 8 .11** 
Pop/set 40 55. 70** 40 119. 57** 8 141 .36** 
Rep/pop/set/env 120 2. 41** 120 3. 17** 36 4 . 84** 
Entries/pop/set 
BSSSCO X BSCBICO 
HS pool 120 19. 67** 120 30. 15** 24 70 . 47** 
M BSSSCO 30 22. 34** 30 35. 10** 6 113 . 96** 
M BSCBICO 30 14. 13 30 20. 70** 6 55 . 64** 
F BSSSCO 30 18. 74** 30 26. 73** 6 73 . 85** 
F BSCBICO 30 23. 46** 30 38. 05** 6 38 .41** 
M X F 180 2. 52** 180 3. 68** 36 7 .43** 
BSSS(R)C9 X BSCB1(R)C9 
HS pool 120 20. 85** 120 26. 67** 24 85 . 91** 
M BSSS(R)C9 30 18. 51** 30 25. 66** 6 65 .76** 
M BSCBl(R)C9 30 23. 31** 30 33. 46** 6 164 . 99** 
F BSSS(R)C9 30 23. 60** 30 25. 36** 6 74 . 03** 
F BSCBl (R)C9 30 17. 96** 30 22. 20** 6 38 .84** 
M X F 180 1. 47 180 1. 89** 36 2 .74* 
BS13 (S)C3 X BSCBl(R)C9 
HS pool 120 13. 26* 120 21. 24** 24 47 .29** 
M BS13{S)C3 30 12. 03 30 15. 67** 12 58 .40** 
M BSCBl(R)C9 30 20. 03** 30 35. 70** — 
F BS13(S)C3 30 9. 67 30 15. 55** — 
F BSCBl(R)C9 30 11. 29 30 18. 04** 12 36 . 17** 
M X F 180 1. 93** 180 2. 08** 36 1 .36 
Pop/set * env 40 2. 37** 40 3. 94** 16 5 .36** 
Entries/pop/set * env 
(BSSSCO X BSCBICO) * env 
HS pool * env 120 3. 46** 120 5. 22** 48 3. 28 
M BSSSCO * env 30 4. 43** 30 5. 67** 12 2. 61 
M BSCBICO * env 30 2. 36** 30 4. 12 1. 63 
F BSSSCO * env 30 2. 86** 30 6. 28** 12 3. 55* 
F BSCBICO * env 30 4. 20** 30 4. 52** 12 5. 33** 
MF CO-CO 179 1. 36** 175 2. 03** 72 2. 4 9** 
(BSSS(R)C9 X BSCB1(R)C9) * env 
HS pool * env 120 2. 10** 120 2. 66** 48 4. 44** 
M BSSS(R)C9 * env 30 1. 02 30 2. 09* 12 2. 97* 
M BSCB1(R)C9 * env 30 2. 90** 30 2. 55** 12 5. 91** 
F BSSS(R)C9 * env 30 2. 55** 30 3. 32** 12 4. 59** 
F BSCB1(R)C9 * env 30 1. 91** 30 2. 69** 12 4. 30** 
MF C9-C9 180 1. 43** 180 1. 21 72 1. 63* 
(BS13{S)C3 X BSCB1(R)C9) * env 
HS pool * env 120 2. 42** 120 3. 69** 48 1. 85 
M BS13(S)C3 * env 30 1. 61* 30 2. 15* 24 1. 73 
M BSCB1(R)C9 * env 30 2. 71** 30 3. 47** — — — 
F BS13(S)C3 * env 30 2. 29** 30 3. 59** — — — 
F BSCBl(R)C9 * env 30 3. 06** 30 5. 55** 24 1. 97 
MF C3-C9 * env 178 1. 08 180 1. 00 72 0. 98 
Pooled Error 1784 0. 92 1765 1. 23 540 1. 23 
*,**Significant at the .05 and .01 probability levels, respectively. 
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APPENDIX C. ESTIMATES OF GENETIC VARIANCE COMPONENTS FOR 
INDIVIDUAL ENVIRONMENTS 
Table Cl. Estimates of individual environment genetic variance components for grain 
yield 
Environment Population o^;^2 
Ames92 BSSSCOxBSCBlCO 0. 44 + 0. 12 0 .52 ± 0. 14 0. 18 ± 0. 10 
BSSS(R)C9xBSCBl(R)C9 0. 20 + 0. 08 0 .21 + 0. 08 0. 15 + 0. 10 
BS13 (S)CBxBSCBl(R)C9 0. 40 ± 0. 12 0 .35 ± 0. 11 0. 35 ± 0. 12 
Ankeny92 BSSSCOxBSCBlCO 0. 33 + 0. 11 0 .61 ± 0. 16 0. 65 ± 0. 12 
BSSS(R)C9xBSCBl(R)C9 0. 44 ± 0. 11 0 .31 + 0. 08 0. 12 + 0. 07 
BS13 (S)C3xBSCBl(R)C9 0. 34 + 0. 11 0 .32 ± 0. 10 0. 47 ± 0. 10 
Ames93 BSSSCOxBSCBlCO 0. 25 ± 0. 07 0 .22 + 0. 06 0. 19 ± 0. 05 
BSSS(R)C9xBSCBl(R)C9 0. 31 + 0. 08 0 .27 ± 0. 07 0. 24 ± 0. 05 
BS13 (S)C3XBSCB1(R)C9 0. 46 ± 0. 11 0 .37 + 0. 09 0. 22 ± 0. 05 
Ankeny93 BSSSCOxBSCBlCO 0. 10 ± 0. 05 0 .23 ± 0. 07 0. 07 + 0. 06 
BSSS(R)C9xBSCBl(R)C9 0. 10 + 0. 06 0 .10 + 0. 06 0. 27 ± 0. 09 
BS13 (S)CSxBSCBl(R)C9 0. 24 ± 0. 10 0 .35 ± 0. 12 0. 41 ± 0. 11 
Atomic93 BSSSCOxBSCBlCO 0. 08 ± 0. 04 0 .19 + 0. 06 0. 24 ± 0. 05 
BSSS(R)C9xBSCBl(R)C9 0. 17 ± 0. 05 0 .12 ± 0. 04 0. 19 ± 0. 05 
BS13(S)C3xBSCBl(R)C9 0. 15 ± 0. 05 0 .14 ± 0. 05 0. 30 + 0. 06 
Table C2. Estimates of individual environment genetic variance components for grain 
moisture 
Environment Population o^;.2 
Ames92 BSSSCOxBSCBlCO 0. 52 ± 0. 15 1. 31 i 0. 29 0, .15 + 0. 14 
BSSS(R)C9xBSCBl(R)C9 0. 88 + 0. 22 0. 65 + 0. 18 0, .28 + 0. 15 
BS13 (S)C3xBSCBl{R)C9 0. 83 + 0. 22 0. 92 ± 0. 23 0, .33 + 0. 16 
Ankeny92 BSSSCOxBSCBlCO 1. 10 + 0. 23 1. 22 ± 0. 25 0 .36 ± 0. 07 
BSSS(R)C9xBSCBl(R)C9 1. 12 + 0. 22 0. 76 ± 0. 16 0 .29 + 0. 05 
BS13 (S)C3xBSCBl(R)C9 0. 88 + 0. 19 0. 80 ± 0. 17 0 .29 + 0. 06 
Ames93 BSSSCOxBSCBlCO 1. 84 ± 0. 43 2. 09 ± 0. 48 0 .96 ± 0. 24 
BSSS(R)C9xBSCBl(R)C9 2. 98 + 0. 61 2. 33 ± 0. 50 0 .47 ± 0. 19 
BS13(S)C3xBSCBl(R)C9 1. 66 ± 0. 38 1. 91 + 0. 43 0 .60 ± 0. 20 
Ankeny93 BSSSCOxBSCBlCO 3. 48 ± 0, 92 3. 83 + 0. 99 1 .29 ± 0. 48 
BSSS(R)C9xBSCBl(R)C9 4. 40 ± 1. 07 3. 29 ± 0. 84 0 .53 + 0. 40 
BS13 (S)C3xBSCBl(R)C9 3. 30 ± 0. 88 3. 67 ± 0. 93 0 .64 ± 0. 41 
Atomic93 BSSSCOxBSCBlCO 1. 81 + 0. 57 1. 71 ± 0. 56 1 .57 + 0. 57 
BSSS(R)C9xBSCBl(R)C9 2. 34 ± 0. 64 0. 52 + 0. 32 1 .01 ± 0. 51 
BS13(S)C3xBSCBl(R)C9 1. 36 i 0. 47 1. 87 + 0. 56 1 .15 ± 0. 53 
Table C3. Estimates of individual environment genetic variance components for root 
lodging 
Environment Population 0^;^^ o^DI2 
Ames92 BSSSCOxBSCBlCO 2. 83 + 0. 84 4. 46 ± 1. 13 4. 77 + 0. 74 
BSSS(R)C9xBSCBl(R)C9 _ a  - •  - •  - •  - •  -• 
BS13(S)C3xBSCBl(R)C9 0. 57 + 0. 28 0. 67 ± 0. 30 1. 46 + 0. 40 
Ank;eny92 BSSSCOxBSCBlCO 1. 63 + 0. 64 2. 31 + 0. 75 5. 25 ± 0. 74 
BSSS(R)C9xBSCBl(R)C9 • - • - • - • - • - •-
BS13 (S)C3xBSCBl(R)C9 0. 75 ± 0. 22 0. 46 ± 0. 17 • - •-
Ames93 BSSSCOxBSCBlCO 0. 61 + 0. 38 2. 16 ± 0. 64 1. 25 + 0. 59 
BSSS(R)C9xBSCBl(R)C9 0. 49 + 0. 29 0. 28 + 0. 26 • - • -
BS13(S)C3xBSCBl(R)C9 1. 64 + 0. 53 1. 06 ± 0. 43 0. 82 + 0. 55 
Ankeny93 BSSSCOxBSCBlCO 0. 10 ± 0. 07 0. 24 ± 0. 09 
BSSS(R)C9xBSCBl(R)C9 • - •- • - • - • - •-
BS13(S)C3xBSCBl (R)C9 • - •- 0. 10 ± 0. 08 0. 26 + 0. 13 
^ Design variance components were not significantly different from the error variance 
(MSE) and genetic variance components estimates were negative. 
Table C4. Estimates of individual environment genetic variance components for stalk 
lodging 
Environment Population o\i o^;.2 o^i;42 
Ames92 BSSSCOkBSCBICO 96. 06 ± 23. 45 94. 47 + 23 .17 86. 73 + 14. 06 
BSSS (R)C9xBSCBl(R)C9 27. 13 ± 7. 07 22. 53 ± 6 .26 1. 16 + 5. 33 
BS13(S)C3xBSCBl(R)C9 45. 16 ± 11. 22 29. 72 ± 8 .49 20. 73 ± 7. 30 
Ankeny92 BSSSCOxBSCBlCO 31. 73 + 8. 12 29. 99 i 7 .81 37. 88 ± 5. 44 
BSSS(R)C9xBSCBl(R)C9 2. 05 ± 1. 04 0. 09 ± 0 .71 ,  _ a  - •  
BS13 (S)C3xBSCBl(R)C9 8. 13 ± 2. 16 9. 52 + 2 .41 1. 37 + 1. 55 
Ames93 BSSSCOxBSCBlCO 49. 91 + 14. 06 56. 65 ± 15 .25 73. 84 + 11. 34 
BSSS (R)C9xBSCBl(R)C9 7. 42 + 2. 96 6. 90 + 2 .87 • - •  -
BS13(S)C3xBSCBl(R)C9 49. 40 + 11. 15 44. 69 ± 10 .31 15. 76 + 5. 38 
Ankeny93 BSSSCOxBSCBlCO 14. 61 ± 5. 91 41. 26 + 11 .31 24. 19 + 6. 47 
BSSS(R)C9xBSCBl(R)C9 17. 31 ± 5. 08 6. 18 ± 2 .84 • - •  -
BS13 (S)C3xBSCBl (R)C9 27. 90 ± 7. 80 11. 86 ± 4 .51 10. 04 + 4. 83 
^ Design variance components were not significantly different from the error variance 
(MSE) and genetic variance components estimates were negative. 
Table C5. Estimates of individual environment genetic variance components for 
dropped ears 





















0. 38 ± 0. 11 
° Design variance components were not significantly different from the error variance 
(MSE) and genetic variance components estimates were negative. 
Table C6. Estimates of individual environment genetic variance components for plant 
height 
Environment Population 0^2 0^012 
Ames92 BSSSCOxBSCBlCO 54 .84 ± 11. 59 75. 44 ± 15. 28 10. 96 ± 4. 18 
BSSS(R)C9xBSCBl(R)C9 82 .66 + 16. 26 52. 10 + 10. 79 4. 34 ± 3. 50 
BS13 (S)C3xBSCBl(R)C9 74 .79 + 16. 45 54. 97 ± 12. 92 38. 48 + 7. 03 
Ankeny92 BSSSCOxBSCBlCO 36 .15 ± 8. 11 51. 83 + 10. 92 12. 31 + 3. 83 
BSSS(R)C9xBSCBl(R)C9 69 .82 + 14. 14 44. 30 ± 9. 57 12. 31 + 3. 82 
BS13 (S)C3xBSCBl(R)C9 62 .55 + 12. 75 34. 53 + 7. 73 10. 30 ± 3. 65 
Arties93 BSSSCOxBSCBlCO 48 .24 i 10. 72 59. 33 ± 12. 70 27. 90 + 4. 71 
BSSS(R)C9xBSCBl(R)C9 62 .78 + 12. 60 55. 17 ± 11. 23 12. 53 + 3. 13 
BS13 (S)C3xBSCBl(R)C9 44 .75 + 9. 38 50. 89 + 10. 48 12. 80 + 3. 16 
Ankeny93 BSSSCOxBSCBlCO 37 .21 ± 13. 99 65. 40 ± 19. 68 25. 79 + 14. 59 
BSSS(R)C9xBSCBl(R)C9 89 .99 ± 23. 81 50. 67 ± 15. 79 9. 87 ± 12. 79 
BS13 (S)C3xBSCBl(R)C9 48 .22 + 15. 39 40. 07 + 13. 74 11. 43 + 12. 97 
Table C7. Estimates of individual environment genetic variance components for ear 
height 
Environment Population a%2 
Ames92 BSSSCOxBSCBlCO 54. 84 ± 11. 59 75. 44 ± 15. 28 10. 96 ± 4 .18 
BSSS (R)C9xBSCBl(R)C9 82. 66 + 16. 26 52. 10 ± 10. 79 4. 34 + 3 .50 
BS13 {S)C3xBSCBl(R)C9 74. 79 + 16. 45 54. 97 ± 12. 92 38. 48 + 7 .03 
Ankeny92 BSSSCOxBSCBlCO 36. 15 ± 8. 11 51. 83 ± 10. 92 12. 31 ± 3 .83 
BSSS(R)C9xBSCBl(R)C9 69. 82 ± 14. 14 44. 30 + 9. 57 12. 31 i 3 .82 
BS13 (S)C3xBSCBl(R)C9 62. 55 ± 12. 75 34. 53 ± 7. 73 10. 30 ± 3 .65 
Ames93 BSSSCOxBSCBlCO 48. 24 ± 10. 72 59. 33 + 12. 70 27. 90 + 4 .71 
BSSS(R)C9xBSCBl(R)C9 62. 78 + 12. 60 55. 17 + 11. 23 12. 53 + 3 .13 
BS13 (S)C3xBSCBl(R)C9 44. 75 ± 9. 38 50. 89 ± 10. 48 12. 80 + 3 .16 
Ankeny93 BSSSCOxBSCBlCO 37. 21 ± 13. 99 65. 40 ± 19. 68 25. 79 ± 14 .59 
BSSS(R)C9xBSCBl(R)C9 89. 99 + 23. 81 50. 67 ± 15. 79 9. 87 ± 12 .79 
BS13(S)C3xBSCBl(R)C9 48. 22 + 15. 39 40. 07 + 13. 74 11. 43 ± 12 .97 
Table C8. Estimates of individual environment genetic variance components for days 
to anthesis 









1.96 ± 0.40 
1.66 ± 0.34 
0.90 ± 0.20 
0.59 ± 0.15 
0.83 ± 0.18 
0.32 ± 0.09 
1.72 + 0.36 
1.61 + 0.33 
1.34 + 0.27 
0.55 ± 0.14 
0.92 ± 0.19 
0.61 ± 0.14 
0.67 ± 0.11 
0.39 ± 0.09 
0.32 ± 0.08 
0.36 ± 0.09 
0.14 ± 0.07 
0.27 ± 0.08 
Table C9. Estimates of individual environment genetic variance components for days 
to silking 




2.29 ± 0.46 
2.04 ± 0.40 
1.36 ± 0.28 
2.08 ± 0.43 
2.18 + 0.43 
2.28 ± 0.44 
0.59 ± 0.12 
0.25 ± 0.09 




1.65 ± 0.38 
1.11 ± 0.23 
0.58 ± 0.14 
1.44 ± 0.34 
1 . 2 8  +  0 . 2 6  
1.32 ± 0.27 
1.04 ± 0.19 
0.08 ± 0.09 
0.13 ± 0.09 
Table CIO. Estimates of individual environment genetic variance components for 
tasssel branches 
Environment Population a^f^2 
Ames92 BSSSCOxBSCBlCO 2 .52 + 1 .14 2 .40 + 1 .10 1 .38 + 0 .45 
BSSS(R)C9xBSCBl(R)C9 2 .36 ± 0 .97 3 .05 ± 1 .23 0 .22 ± 0 .19 
BS13 (S)C3xBSCBl(R)C9 2 .15 ± 0 .87 1 .27 + 0 .53 — — 
Ankeny92 BSSSCOxBSCBlCO 4 .27 ± 1 .79 1 .69 ± 0 .82 1 .23 ± 0 .42 
BSSS(R)C9xBSCBl(R)C9 3 .78 ± 1 .54 3 .51 ± 1 .44 0 .61 + 0 .28 
BS13 (S)C3xBSCBl(R)C9 3 .13 ± 1 .24 1 .56 i 0 .64 — — 
Ames93 BSSSCOxBSCBlCO 4 .16 ± 1 .81 1 .10 ± 0 .67 1 . 58 ± 0 . 57 
BSSS (R)C9xBSCBl(R)C9 2 .80 + 1 .16 6 .71 + 2 .64 0 .32 ± 0 .25 
BS13{S)C3xBSCBl(R)C9 1 .99 ± 0 .82 1 .73 i 0 .72 — — 
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APPENDIX D. HERITABILITY ESTIMATES FOR INDIVIDUAL ENVIRONMENTS 
Table Dl. Individual environment heritability estimates (h-) on a 
progeny mean basis for three cross populations and their 
lower(LB) and upper (UB) 95% confidence limits 
Ames92 
Trait Population LB UB 
Grain Yield BSSSCOxBSCBlCO 0. 68 0. 55 0. 77 
(Mg/ha) BSSS(R)C9xBSCBl R)C9 0. 47 0. 28 0. 63 
BS13 (S)C3xBSCBl R)C9 0. 58 0. 42 0. 70 
Grain BSSSCOxBSCBlCO 0. 75 0. 65 0. 82 
Moisture (%) BSSS(R)C9xBSCBl R)C9 0. 69 0. 58 0. 78 
BS13(S)C3xBSCBl R)C9 0. 71 0. 61 0. 80 
Root BSSSCOxBSCBlCO 0. 68 0. 55 0. 77 
Lodging {%) BSSS(R)C9xBSCBl R) C9 'h  
BS13 (S)C3xBSCBl R)C9 0. 40 0. 18 0. 57 
Stalk BSSSCOxBSCBlCO 0. 74 0. 64 0. 82 
Lodging (%) BSSS(R)C9xBSCBl R)C9 0. 68 0. 56 0. 77 
BS13 (S)C3xBSCBl R)C9 0. 69 0. 58 0. 78 
Dropped BSSSCOxBSCBlCO 
Ears (%) BSSS(R)C9xBSCBl R)C9 
BS13(S)C3xBSCBl R)C9 
Plant BSSSCOxBSCBlCO 0. 87 0. 83 0. 91 
Height (cm) BSSS(R)C9xBSCBl R) C9 0. 89 0. 86 0. 93 
BS13(S)C3xBSCBl R) C9 0. 80 0. 72 0. 86 
Ear BSSSCOxBSCBlCO 0. 88 0. 83 0. 91 
Height (cm) BSSS(R)C9xBSCBl R) C9 0. 91 0. 87 0. 93 
BS13(S)C3xBSCBl R)C9 0. 90 0. 87 0. 93 
Days to BSSSCOxBSCBlCO 0. 87 0. 82 0. 91 
Anthesis BSSS(R)C9xBSCBl R)C9 0. 89 0. 85 0. 92 
BS13 (S)C3xBSCBl R)C9 0. 86 0. 80 0. 90 
Days to BSSSCOxBSCBlCO 0. 88 0. 84 0. 92 
Silking BSSS(R)C9xBSCBl R)C9 0. 91 0. 88 0. 94 
BS13 (S)C3xBSCBl R)C9 0. 91 0. 87 0. 93 
Tassel BSSSCOxBSCBlCO 0. 84 0. 66 0. 92 
Branches BSSS (R)C9xBSCBl R)C9 0. 93 0. 86 0. 97 
BS13(S)C3xBSCBl R)C9 0. 92 0. 84 0. 96 
""Not estimated because negative variance components. 
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Table Dl. continued 
Ankenv92 Aities93 Ankenv93 Atomic93 
LB UB h- LB UB LB UB h' LB UB 
0 .63 0. 48 0. 73 0. 67 0 .55 0. 77 0. 55 0. 36 0. 70 0, ,50 0. 32 0. 65 
0 .72 0. 61 0. 80 0. 70 0 .58 0. 78 0. 38 0. 11 0. 58 0, .55 0. 35 0. 68 
0 .58 0. 43 0. 70 0. 78 0 .69 0. 84 0. 58 0. 39 0. 72 0, ,50 0. 31 0. 64 
0 .88 0. 83 0. 91 0. 78 0 .70 0. 84 0. 79 0. 69 0. 86 0, ,58 0. 41 0. 70 
0 .89 0. 84 0. 92 0. 86 0 .81 0. 90 0. 83 0. 76 0. 89 0. ,55 0. 38 0. 68 
0 .85 0. 79 0. 89 0. 80 0 .72 0. 85 0. 81 0. 72 0. 87 0. ,57 0. 41 0. 69 
0 .53 0. 35 0. 66 0. 51 0 .32 0. 65 0. 44 0. 20 0. 62 
0 
00 1 IT) 
1 
0. 42 0. 70 0. 52 0 .34 0. 66 0. 25 0. 00 0. 49 
0 .71 0. 59 0. 79 0. 67 0 .54 0. 76 0. 68 0. 54 0. 78 
0 .24 0. 00 0. 46 0. 51 0 .39 0. 73 0. 63 0. 46 0. 75 
0 .70 0. 59 0. 79 0. 79 0 .71 0. 85 0. 67 0. 51 0. 77 
0. 17 0 .00 0. 41 
0. 12 0 .00 0. 36 
0. 83 0. 77 0. 88 0. 83 0. 76 0. 87 0. 64 0. 48 0. 76 
0. 87 0. 82 0. 90 0. 89 0. 85 0. 92 0. 74 0. 62 0, ,82 
0. 85 0. 80 0. 90 0. 87 0. 82 0. 91 0. 64 0. 48 0. 75 
0. 84 0. 78 0. 88 0. 84 0. 79 0. 89 0. 67 0. 53 0. 78 
0. 85 0. 79 0. 89 0. 91 0, 87 0. 93 0. 78 0. 67 0, ,85 
0. 84 0. 78 0. 89 0. 87 0. 82 0. 91 0. 66 0, 51 0. ,77 
0. 73 0. 62 0. 80 
0. 85 0. 79 0. 89 
0. 71 0. 60 0. 79 
0. 78 0. 70 0. 84 
0. 86 0. 81 0. 90 
0. 82 0. 76 0. 87 
0. 87 0. 73 0. 94 0. 82 0. 61 0. 91 
0. 92 0. 85 0. 97 0. 95 0. 89 0. 98 
0. 94 0. 88 0. 97 0. 91 0. 82 0. 96 
